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Abstract 

Objectives.  This  research  is  aimed  at  the  problems  of  managing  and 
controlling  the  spread  of  non-indigenous  invasive  plant  species  (NIPS)  on 
DoD  and  other  lands.  This  work  examined  the  response  of  native  grass 
populations  to  long-term  presence  of  NIPS.  As  remnants  of  native 
communities  subjected  to  the  NIPS  Russian  knapweed  ( Rhaponticum 
repens ),  two  native  grass  species  common  to  western  DoD  lands  were 
identified,  alkalai  sacaton  and  needle  and  thread  grass.  Specific  objectives 
of  this  work  were  to:  identify  native  grasses  that  may  be  more  resilient  to 
NIPS;  to  identify  attributes  of  the  experienced  native  plant  populations 
that  contribute  to  resilience  and  resistance  to  the  competitive  effects  of 
NIPS;  to  identify  genetic  markers  and  phenotypic  traits  that  confer 
superior  competitive  ability;  and  to  determine  if  those  phenotypic  traits 
are  transmitted  to  subsequent  generations  of  the  native  grasses. 

Technical  Approach.  This  study  was  designed  to  test  competitive  abilities 
of  native  grass  populations  differing  in  NIPS  invasion  history  (invaded  and 
non-invaded).  Maternal  grass  individuals  were  collected  to  examine  the 
influence  of  the  invasions  on  population  genetics  and  phenology  of  the  two 
species.  In  controlled  laboratory  and  field  settings,  this  research  examined 
the  growth,  seed  production,  and  germination  of  the  two  grasses  in 
competition  with  Russian  knapweed  and  the  NIPS  Canada  thistle  and 
genetic  variability  of  the  two  grasses  via  amplified  fragment  length 
polymorphism  and  Inter-Simple  Sequence  Repeat  analyses. 

Results.  The  results  of  this  research  provides  multiple  lines  of  evidence 
that  lineages  of  alkali  sacaton,  and  to  a  lesser  degree  needle  and  thread, 
collected  from  within  (IN)  invaded  sites  of  Russian  knapweed,  differ  from 
lineages  collected  outside  of  (OUT)  invaded  sites.  Indications  are  that 
these  differences  translate  into  differences  in  competitive  ability.  This 
research  also  provides  evidence  that  differences  in  competitive  ability 
toward  the  knapweed  invader  may  also  apply  to  other  NIPS,  in  this 
instance  Canada  thistle.  This  research  also  provides  evidence  of 
differences  in  competitive  performance  of  differing  IN  and  OUT 
genotypes.  Because  needle  and  thread  was  not  as  competitive  with  Canada 
thistle,  our  results  agree  with  other  published  research  that  warm-season 
plants  have  a  competitive  advantage  over  cool  season  species. 
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We  developed  a  Biological  Screening  Process  to  assist  managers  with 
selecting  promising  genotypes.  This  research  developed  an  effective  way  to 
comparatively  evaluate  the  performance  of  differing  and  disparate 
genotypes  and  to  select  for  the  most  promising  genotypes  for  further  and 
expanded  study  evaluation. 

Benefits.  The  impacts  of  NIPS  on  native  plant  populations  and  their 
potential  use  for  restoration  is  poorly  understood.  However,  native  grasses 
that  remain  following  long-term  exposure  to  invading  species  may  better 
tolerate  weed  presence  than  nonexposed  natives.  Such  invasion 
experienced  native  plants  can  be  more  competitive  with  invaders  but  are 
often  excluded  as  restoration  materials.  Planting  native  species  with 
invasive  history  may  augment  biodiversity  and  in  turn,  increase  native 
ecosystem  resistance  and  resilience  to  invasion.  Native  seed  collection  may 
be  enhanced  by  including  invasion-experienced  native  plant  populations. 
The  native  seed  production  industry  can  use  this  research  to  develop  seed 
collection  protocols  to  included  remnant  native  populations  and 
production  techniques  that  ensure  competitive  traits  are  not  being  lost 
from  native  accessions. 
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1  Introduction 

1.1  Objectives 

This  research  was  proposed  and  conducted  to  respond  to  the  Strategic  En¬ 
vironmental  Research  Development  Program  (SERDP)  Statement  of  Need 
(SON)  entitled  “Control  of  Non-indigenous  Invasive  Plant  Species  Affect¬ 
ing  Military  Training  and  Testing  Activities”  (CSSON-04-01),  which  specif¬ 
ically  identified  the  need  to  develop  new  methods  or  improve  existing  me¬ 
thods  for  the  control,  reduction,  and  elimination  of  non-indigenous 
invasive  plant  species  (NIPS)  while  effectively  protecting  native  species 
and  their  habitats  on  Department  of  Defense  (DoD)  installations. 

This  study  hypothesizes  that,  as  a  consequence  of  the  presence  of  NIPS, 
remaining  native  plants  are  subjected  to  natural  selection,  resulting  in  ge¬ 
netic  shifts  within  native  populations.  Subsequent  native  populations 
should  then  become  increasingly  resilient  following  their  “experience” 
with  NIPS  invasions.  If  so,  experienced  native  populations  should  differ 
from  conspecifics  with  no  previous  non-indigenous  invasive  species  expo¬ 
sure  (inexperienced  natives)  and  should  demonstrate  both  phenologic  and 
genetic  differences.  Such  phonologic  and  genetic  shifts  should  also  contri¬ 
bute  to  increased  competitive  ability  against  the  NIPS.  Thus,  this  work  fo¬ 
cused  on  the  concept  that  native  plant  populations  with  a  history  of  com¬ 
petition  from  invasive  species  may  differ  in  their  resistance  and  resilience 
traits  from  grass  populations  lacking  history  of  exposure  to  invaders.  This 
work  tested  these  ideas  using  two  common  dry  land  native  grasses  (alkalai 
sacaton,  Sporobolus  airoides  [Torr.,]  and  needle  and  thread  grass,  Hespe- 
rostipa  comata  [Trin.  &  Rupr.]  Barkworth),  both  of  which  were  exposed  to 
the  NIPS  Russian  knapweed  ( Rhaponticum  repens  [L.]  Hidalgo;  Syn¬ 
onyms:  Centaurea  repens  [L Acroptilon  repens  [L.])  and  a  novel  NIPS, 
Canada  thistle  ( Cirsium  arvense\  L.]  Scop.) 

Most  research  studies  on  the  ecology  of  invasive  plant  species,  which  are 
mostly  of  exotic  or  non-indigenous  origin,  have  focused  on  the  response 
and  effects,  particularly  toward  native  plants,  of  the  invasive  in  a  new  envi¬ 
ronment.  In  contrast,  this  research  examines  the  competitive  responses  of 
native  species  to  the  exotic  invasive.  Furthermore,  this  research  focuses  on 
underlying  mechanisms  and  expressions  of  inherent  abilities  of  native 
plant  resistance  to  invasion  by  non-indigenous  exotics  and  on  their  con- 


ERDC/CERL  TR-11-28 


2 


tinuing  resilience  in  the  face  of  continuing  non-native  invasive  species 
competition. 

In  that  context,  the  objectives  of  the  research  were: 

1.  To  identify  native  grasses  that  may  be  more  resilient  to  NIPS,  to  manage 
and  control  the  spread  of  non-indigenous  invasive  species  on  DoD  and 
other  lands. 

2.  To  identify  attributes  of  the  experienced  native  plant  populations  that  con¬ 
tribute  to  resilience  and  resistance  to  the  competitive  effects  of  NIPS. 

3.  To  identify  genetic  markers  and  phenotypic  traits  that  confer  superior 
competitive  ability,  and  to  determine  if  those  phenotypic  traits  are  trans¬ 
mitted  to  subsequent  generations  of  the  native  grasses. 

Eleven  tasks  were  developed  to  accomplish  the  objectives  of  this  research 
effort  (Table  1).  Tasks  were  further  divided  into  subtasks  for  organization¬ 
al  and  reporting  purposes,  into  roughly  four  categories:  (1)  site  location, 
and  plant  collection  and  propagation  (Tasks  1-3),  (2)  testing  of  the  native 
collections  and  their  seedlings  for  genetic,  phenotypic  and  competitive 
traits  to  identify  promising  versus  less  promising  genotypes  (Tasks  4-7), 
(3)  controlled  (laboratory)  and  field  plantings  and  evaluations  (Tasks  8 
and  9),  and  (4)  technology  transfer  (Tasks  10  and  11). 

While  the  identified  tasks  are  fairly  discrete  and  generally  follow  in  se¬ 
quence,  there  was  by  necessity  some  overlap  between  them.  For  example, 
genetic  analysis  as  identified  in  Task  4  for  maternal  or  parent  stock 
germplasm  was  also  conducted  on  subsequently  derived  plant  propagules 
and  plants,  and  the  results  were  used  as  part  of  selection  processes  to 
identify  promising  genotypes  (Task  7).  Also,  technology  transfer  (in  par¬ 
ticular  Task  10)  occurred  throughout  the  study. 

At  the  time  this  work  was  initiated,  native  plant  responses  to  non- 
indigenous  invasive  plant  species  (NIPS)  (aka  exotics)  invasions  had  not 
been  well  documented  (Grant  et  al.  2003).  Subsequently,  and  including 
the  results  of  work  conducted  as  part  of  this  effort,  we  now  have  a  better 
understanding  of  the  influence  and  effects  of  NIPS  invasions  on  native 
species  populations  (Mealor  et  al.  2004,  Callaway  2005,  Lau  2006,  Mealor 
and  Hild  2006,  Strauss  et  al.  2006,  Mealor  and  Hild  2007,  Leger  2008, 
Ferrero-Serrano  et  al.  2009,  Bergum  et  al.  2010,  Sebade  2011). 
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1.2  Background 

There  is  a  well  documented  association  between  anthropogenic  distur¬ 
bance  and  non-indigenous  plant  invasions  (Larson  et  al.  2001).  Many  US 
Army  and  other  DoD  lands  have  been  subjected  to  varying  degrees  of  dis¬ 
turbance.  NIPS  are  recognized  as  a  widespread  problem  on  DoD  and  other 
Federal  lands,  as  well  as  on  state  and  private  lands.  Non-indigenous  inva¬ 
sive  plants  dominate  millions  of  acres  throughout  the  country,  but  particu¬ 
larly  in  the  west  (Whitson  et  al.  1992).  These  invasions  have  had  many  ef¬ 
fects  including  reduced  (and  sometimes  eliminated)  native  plant  and 
animal  diversity,  decreased  community  productivity,  altered  fire  regimes, 
altered  nutrient  cycling,  and  altered  community  structure  and  function. 
Additionally,  non-indigenous,  invasive,  exotic,  and  noxious  plants  degrade 
native  habitats,  alter  ecosystems  and  ecological  processes,  and  result  in 
large  agricultural  economic  losses. 

In  an  ecological  context,  invasive  species  are  second  only  to  habitat  de¬ 
struction  in  potentially  causing  other  species  to  become  at  risk  and  (ulti¬ 
mately)  endangered.  On  military  installations,  invasive  plant  species  can 
present  serious  problems  that  impact  military  mission  requirements.  Non- 
indigenous  invasive  species  negatively  affect  military  training  and  other 
activities  largely,  but  not  exclusively,  through  the  alteration  of  military 
training  and  testing  conditions.  For  example,  in  addition  to  habitat  altera¬ 
tions,  NIPS  can  have  physical  characteristics  that  can  severely  limit  train¬ 
ing  activities.  Moreover,  the  negative  impacts  of  NIPS  extend  far  beyond 
immediate  and  direct  effects  on  military  training  and  other  activities. 
These  impacts  and  effects  include  those  related  to  siphoning  and  diverting 
of  valuable  and  scarce  economic  and  other  resources  from  military  train¬ 
ing  activities  for  NIPS  control.  The  alteration  of  ecosystems  and  ecological 
processes  can  have  further  secondary  negative  effects  and  impacts  on  mili¬ 
tary  training  by  detracting  and  degrading  the  quality  and  the  realism  of 
military  training  lands.  A  more  insidious  effect  of  NIPS  is  that  containing 
them  can  require  the  use  of  environmental  toxicants,  which  can  further 
negatively  affect  the  environment  and  non-target  organisms,  including 
sensitive,  rare,  and  threatened  and  endangered  species. 


Table  1.  SERDP  SI  1389  Objectives,  tasks  and  experimental  comparisons  and  outcomes. 


Objectives 

SERDP  Tasks 

Experimental  Comparisons  Examined 

Knowledge  Gained 

Figures/Tables 

Find,  collect  &  propagate  native  species 
found  to  occur  with  NIS 

Pre-proposal  re¬ 
search 

Compare  invaded  and  non-invaded  communities  for 
presence  and  abundance  of  native  species 

Native  grasses  survive  within  invasions  of  NIPS  more  than  80  years 
old,  although  in  lower  abundance 

Prior  research; 

Fig  1  (p  10); 

Tab  2  (p  10) 

Test  maternal  native  grass  collections  for 
competitive  ability  with  original  NIS 

Tasks  1  &  2 

Growth  of  native  grass  subpopulations  In  vs.  Out* 
grown  with  &  without  Russian  knapweed  (NIPS) 

Native  grass  from  some  invasions  of  NIPS  out-compete  native  grass 
from  the  adjacent  non-invaded  area  when  in  greenhouse  setting 

Fig.  3  (p  39) 

Fig.  4  (p  40) 

Propagate  seed  and  seedlings  from  mater¬ 
nal  plant  collections 

Task  3 

In  vs.  Out*  flowering  and  seed  production 

Seed  from  this  effort  used  in  subsequent  comparisons  of  phenology, 
genetics,  competition. 

Tab  14  (p  84) 

Examine  genetics  of  maternal  collections 
for  evidence  of  selection  by  NIS 

Task  4 

In  vs.  Out*  sub-population  genetic  indicators  of 
selection 

Native  grass  IN  subpopulation  suggests  genetic  makeup  under  selec¬ 
tion  via  NIS  stress 

Tab  2  (p  10); 

Tab  4  (p  46); 

Tab  5  (p  46); 

Tab  6  (p  47) 

Examine  genetic  profiles  of  native  seedlings 
of  two  generations 

Task  4,  added 
component 

In  vs.  Out*  seedling  genetics  from  two  generations 
compared 

Seedling  populations  from  In  vs.  Out  subpopulations  diverge  in  genetic 
profiles  especially  in  Gl,  but  genetic  traits  can  be  lost  in  subsequent 
generations  of  In  sub-populations 

Tab  9  (p  52); 

Tab  10  (p  62); 

Tab  11  (p  68); 

Tab  12  (p  70); 

Fig.  18  (p  78) 

Test  native  competitive  ability  with  a  new 

NIS  with  and  without  herbivory. 

Tasks  5  &  6,  with 
added  components 

In  vs.  Out*  clones  &  seedlings  with  &  without  com¬ 
petition  from  NIPS  Russian  knapweed  and  novel 

NIPS  Canada  thistle  (added  component  =  herbivory) 

IN  vs.  Out  differ  in  ability  to  limit  growth  of  NIS 

Flerbivory  altered  this  outcome 

Tab  7  (p  49); 

Fig.  5  (p  50); 

Fig.  6  (p  55) 

Fig.  7  (p  57); 

Fig.  8  (p  57) 

Overall  evaluation  of  the  potential  of  native 
genotypes  in  revegetation 

Task  7 

Evaluate  individual  genotype  performance  in  all 
experiments.  Categories=  strong,  moderate  or  un¬ 
likely  competitors. 

Using  the  Biological  Screening  Process  (BSP)  Matrix  of  promising  geno¬ 
types,  IN  genotypes  were  not  clearly  superior  across  all  experiments. 
Consequently,  subsequent  field  experiments  included  all  categories  of 
genotypes. 

Tab  13  (p  70); 

Tab  14  (p  84); 

Tab  15  (p  86); 

Fig.  19  (p  78) 

Test  seedling  plantings  in  competition  with 
NIS  in  controlled  setting. 

Tasks  8  &  9 

IN  vs.  Out*  genotypes  planted  with  Russian  knap¬ 
weed  in  University  of  Wyoming  ESL 

ESL  plantings  provide  comparison  to  field  results. 

Fig.  9  (p  60) 

Fig.  10  (p  61) 

Test  native  grass  competition  in  field  set¬ 
tings. 

Tasks  8  &  9 

Field  plantings  of  identical  native  grass  genotypes  in 
field  invasion  of  Russian  knapweed,  Canada  thistle 

Field  plantings  differ  by  associated  NIPS. 

To  be  evaluated  for  long-term  success,  and  provide  demonstration 
sites  to  The  Nature  Conservancy,  WY,  F.E.  Warren  Air  Force  Base, 
Cheyenne,  WY,  and  others. 

Fig.24  (p  88) 

Fig.  25  (p  90) 

Fig.  26  (p  93) 

Fig.  27  (p  95) 

Tech  transfer 

Tasks  10  &  11 

Professional  meetings,  demonstration  plantings, 
popular  and  peer-reviewed  publications 

Publications  and  professional  meetings,  and  demonstration  sites  are 
ongoing. 

App  A-C 
(pp  133-138) 

*ln  and  Out  sub-populations  of  the  native  grass  are  those  derived  from  within  (IN)  and  outside  of  (Out)  invasions  of  Russian  knapweed. 
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Federal  agencies  are  required  and  authorized,  under  several  authorities 
(e.g.,  Federal  Noxious  Weed  Act,  7  USC  2814;  Executive  Order  13112),  to 
conduct  research  on  invasive  species  and  develop  technologies  for  control 
and  prevention  of  further  invasive  species  introduction  and  establishment. 
Furthermore,  the  Sikes  Act  (16  USC  670  et  seq.)  requires  integrated  natu¬ 
ral  resources  management  plans  for  all  DoD  lands;  these  management 
plans  can  allow  for  non-indigenous  invasive  species  related  research. 

The  research  reported  on  here  builds  on  the  preliminary  work  that  had  al¬ 
ready  tested,  verified,  and  provided  a  “proof  of  concept.”  Previously,  with  a 
Seed  Grant  from  the  National  Research  Initiative  (NRI-CGP  Agreement 
2001-35311-09846)  Biology  of  Weedy  and  Invasive  Plants  program,  we 
began  evaluating  native  species’  response  to  exotic  invasions.  This  re¬ 
search  continued  and  expanded  that  research  to  a  wider  geographic  area 
and  to  more  native  plant  species  and  invasive  weeds.  Previously,  we  had 
learned  that  native  plant  individuals  often  remain  as  remnant  individuals 
within  very  old  (>25  years)  invasions  of  R.  repens  (and  other  species)  and 
that  the  phenotypic  and  genotypic  traits  of  remnant  natives  differ  from 
their  conspecifics  derived  from  outside  invasions  (Mealor  et  al.  2004). 
These  results  suggested  that  natural  selection  of  native  species,  as  a  result 
of  exotic  invasions,  may  improve  native  plants’  competitive  ability  (we  call 
these  plants  “experienced”  natives). 

Prior  to  our  studies,  little  research  had  been  conducted  to  evaluate  the  re¬ 
sponse  of  native  species  to  long-term  associations  with  exotic  species. 

Most  research  has  concentrated  on  non-indigenous  invasive  species  in 
their  new  range.  At  onset,  we  know  of  only  two  studies  that  considered 
variation  in  a  native  population  as  a  response  to  the  presence  of  an  exotic 
(Callaway  and  Aschehoug  2000,  Goodwin  et  al.  1999).  Callaway  and 
Aschehoug  (2000)  found  that  diffuse  knapweed  ( Centaurea  diffusa  Lam), 
a  Eurasian  NIPS  like  R.  repens,  has  much  stronger  negative  effects  on 
grass  species  from  North  America  than  on  closely  related  grass  species 
from  communities  to  which  it  is  native.  Goodwin  et  al.  1999  found  that 
germination  and  growth  of  Bluebunch  wheatgrass  ( Agropyron  spicatum 
[Pursh]  Scribn.  &  Smith)  seedlings  differed  when  seed  was  derived  from 
native  area  versus  areas  invaded  with  downy  brome  ( Bromus  tectorum  L). 
More  recent  literature  on  intra-population  variability  relative  to  exotics 
has  focused  on  the  invasive  and  not  on  native  populations  (Blossey  and 
Notzold  1995,  Hanfling  and  Kollmann  2002,  Mooney  and  Cleland  2001, 
Mack  1985,  Thompson  1995). 
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Most  genotypic  and  other  research  in  invasion  ecology  examines  the 
changes  in  non-indigenous  invasive  species  in  a  new  environment,  rather 
than  the  genetic  flexibility  of  native  species  to  respond  to  new  exotic 
neighbors.  Consequently,  the  research  reported  on  here  offers  an  innova¬ 
tive  approach  to  discerning  inherent  genotypic  resistance  mechanisms  in 
native  plant  populations.  As  such,  our  studies  provide  a  critical  turning 
point  in  our  ability  to  strategically  intervene  and  respond  to  the  threat  of 
invasive  species  in  North  American  natural  areas.  This  approach  has  not 
been  conducted  by  other  researchers  in  invasive  ecology. 

This  research  is  novel  in  its  application  of  theoretic  notions  of  intra¬ 
population  variability  to  the  common  problem  of  NIPS  monocultures  that 
limit  productivity  of  natural  areas.  By  taking  advantage  of  natural  selec¬ 
tion  to  maintain  the  genetic  diversity  of  native  plant  species,  we  can  ac¬ 
quire  important  accessions  and  seed  sources  that  are  often  neglected  by 
native  seed  collectors. 

Our  earlier  studies  suggested  that  remaining  isolated  native  plants  within 
exotic  invasions  do  offer  more  successful  (competitive  with  invaders)  indi¬ 
viduals  than  do  native  plants  in  adjacent  undisturbed  sites.  This  research 
adds  to  our  knowledge  of  the  relationship  of  native  plant  genotypic  varia¬ 
bility  and  their  parallel  competitive  ability,  and  of  whether  inherent  native 
genotypes  can  be  managed  to  produce  natives  for  revegetation  that  more 
successfully  compete  with  weedy  invaders. 

Our  results  are  important  because  they  offer  a  new  approach  to  exotic  in¬ 
vasions  and  promise  a  potential  to  realize  management  opportunities  not 
previously  recognized.  The  approach  and  results  of  the  NIPS  research  re¬ 
ported  on  here  will  serve  to: 

1.  Enhance  and  improve  US  Army  and  DoD  training  (and  other)  lands; 

2.  Result  in  long  term  cost  and  other  savings  to  US  Army  and  other  DoD 
training  and  operations; 

3.  Provide  a  means  to  limit  future  NIPS  invasions  on  DoD  and  other  lands; 
and, 

4.  Alter  the  way  NIPS  invasions  are  perceived  and  dealt  with  by  military  and 
other  land  managers  and  ecologists. 

The  research  and  approach  implemented  here  are  consistent  and  in  step 
with  current  scientific  thinking  and  direction  with  invasive  species  control. 
The  thrust  of  this  research  is  in  concert  with  integrated  pest  management 
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principles  and  focuses  on  biological  aspects  of  non-indigenous  invasive 
species  control  as  advocated  by  the  Armed  Forces  Pest  Management  Board 
and  other  Federal  government  agencies.  In  addition,  the  results  of  this  re¬ 
search  will  complement  and  integrate  with  other  SERDP  projects. 

1.3  Materials  and  methods  —  general 

1.3.1  Native  grass  species 

Two  native  grass  species  were  selected  for  study  because  they  are  com¬ 
monly  found  in  invasions  of  R.  repens  in  the  Intermountain  West  (Mealor 
et  al  2004).  Sporobolus  airoides  is  a  native  warm  season  (C4  photosynthet¬ 
ic  pathway)  perennial  bunchgrass  widely  distributed  throughout  western 
North  America.  This  grass  is  useful  for  restoration  practices  because  of  its 
ability  to  tolerate  saline  soils  (Aldon  1981)  and  its  ability  to  accumulate  po¬ 
tentially  toxic  compounds  in  soils  (Retana  et  al.  1993).  After  establish¬ 
ment,  S.  airoides  is  tolerant  of  both  drought  and  inundation  by  water 
(Johnson  2000).  In  productive  environments,  S.  airoides  is  more  competi¬ 
tive  than  other  arid  rangeland  grasses  (Novoplansky  and  Goldberg  2001). 
Sporobolus  airoides  is  predominantly  a  self-pollinator  (Fryxell  1957)  and 
therefore  may  be  affected  by  localized  selection  with  little  impact  from 
gene  flow  via  pollen  (Grant  1971). 

Hesperostipa  comata  is  a  native  cool  season  (C3  photosynthetic  pathway) 
perennial  bunchgrass  useful  for  stabilizing  degraded  or  eroded  rangeland 
sites  (Zlatnik  1999).  Hesperostipa  comata  tolerates  drought  (Mueller  and 
Weaver  1942)  and  distributes  most  of  its  roots  in  the  upper  0.2  m  of  soil 
(Melgoza  and  Nowak  1991).  Although  Freeman  and  Emlen  (1995)  assert 
that  H.  comata  is  a  weak  competitor  with  several  rangeland  species,  it  is 
found  persisting  in  old  R.  repens  invasions  (Mealor  et  al.  2004),  and  has 
been  observed  to  apparently  resists  invasion  by  other  non-indigenous 
grass  species  (Belnap  et  al.  2004).  Hesperostipa  comata  is  capable  of  ei¬ 
ther  self  or  cross  pollination  (Fryxell  1957),  suggesting  that  genetic  diver¬ 
gence  may  be  observed  only  under  very  strong  selection  conditions  (Grant 

1971). 

Both  grass  species  are  potentially  long-lived  and  exhibit  a  high  degree  of 
clonality.  Although  both  species  are  used  in  restoration  efforts,  there  was 
no  evidence  that  the  rangeland  locations  in  this  study  had  undergone  res¬ 
toration  plantings  in  the  past. 
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1.3.2  Invasive  species  and  native  species  maternal  site  locations 

Rhaponticum  repens  and  C.  arvense  and  are  cool  season  perennial  forbs 
(members  of  the  Asteraceae  family  (USDA  2011)).  These  species  are  re¬ 
spectively  the  sixth  and  first  most  common  problematic  weeds  for  the  US 
and  six  Canadian  Provinces  (Skinner  et  al.  2000).  Rhaponticum  repens 
and  C.  arvense  are  problematic  because  of  their  competitive  abilities  (i.e., 
sexual  reproduction,  vegetative  reproduction,  and  rapid  growth).  These 
exotics,  among  over  5000  others,  limit  ecological  function  (hydrologic,  nu¬ 
trient  cycling,  and  plant  competiveness  functions)  in  many  communities, 
especially  the  variability  of  native  populations  (Mack  et  al.  2000,  Skinner 
et  al.  2000).  Cirsium  arvense  and  R.  repens  affect  both  range  and  agricul¬ 
tural  lands  where  monocultures  and  dense  stands  can  be  found.  Dense  in¬ 
vasive  species  stands  often  replace  other  native  plant  species  and  therefore 
lead  to  decreased  native  species  richness  (Watson  1986,  Mack  et  al.  2000). 
Ecosystem  effects  of  invading  species  are  well  studied,  whereas  much  less 
research  focuses  on  responses  of  native  plant  populations  (Levine  2000, 
MacDougall  and  Turkington  2005,  Messing  and  Wright  2006). 

After  extensive  searches  in  Wyoming,  Idaho,  and  Colorado,  three  R.  re¬ 
pens  invasion  locations  were  identified  where  each  native  grass  species  co¬ 
occurred  on  the  R.  repens  invaded  site  (Figure  1,  Mealor  et  al.  2004).  Sites 
were  selected  for  three  criteria:  (1)  evidence  of  knapweed  infestation  for  at 
least  25  years,  (2)  clearly  visible  boundary  between  invaded  and  non- 
invaded  communities,  and  (3)  comparable  soil  textures  between  commu¬ 
nity  types.  Collection  sites  varied  in  age,  elevation,  and  weed  density 
(Table  2).  Determination  of  invasion  age  was  based  on  herbarium  records, 
publications  of  knapweed  locations,  and  on  incidences  of  drastic  distur¬ 
bance  that  may  have  contributed  to  knapweed  invasion.  For  example, 
Rogers  (1928)  reported  infestations  of  knapweed  in  southern  Montrose 
County,  CO  as  early  as  1928  near  the  collection  site  near  Naturita.  The  Na- 
turita  collection  site  is  located  near  the  Montrose  and  San  Miguel  County, 
CO  border,  and  is  tentatively  aged  at  approximately  75  years.  The  earliest 
herbarium  record  of  R.  repens  in  Jefferson  County,  ID  (near  Mud  Lake)  is 
from  1934  (Invaders  database).  Rhaponticum  repens  was  reported  in  irri¬ 
gated  and  occasionally  in  non-irrigated  areas  throughout  Wyoming  as  ear¬ 
ly  as  1935  (Sabin  1935),  and  was  considered  the  most  serious  weed  pest  in 
Wyoming  by  1940  (Boyd  and  Corkins  1940).  The  first  herbarium  record 
for  northern  Albany  County,  WY  is  dated  1950,  and  in  Big  Horn  County, 
1981.  Rhaponticum  repens  occurred  near  the  Wyoming  collection  sites  in 
Fremont,  Big  Horn,  and  Albany  Counties  by  1962  (Mitich  et  al.  1962).  Re- 
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cognizing  that  herbarium  or  other  published  records  are  often  obtained 
later  than  the  first  occurrence  of  plants,  these  may  not  be  the  actual  ages  of 
R.  repens  infestations  at  the  subject  sites,  but  are  the  best  available  esti¬ 
mates.  Geographic  distances  between  locations  ranged  from  723  km 
(Greybull  [Big  Horn  County]  to  Naturita  [Montrose  County])  to  291  km 
(Laramie  [Albany  County]  to  Riverton  [Fremont  County]).  More  detailed 
characterization  of  field  collection  sites  is  available  in  Mealor  and  Hild 
(2006). 

For  experiments  that  test  native  grass  for  phenotypic  and  competitive 
traits  (Section  3,  p  17),  roots  of  R.  repens  were  collected  from  an  approx¬ 
imately  40-year  old  invasion  site  near  Laramie,  WY.  A  novel  NIPS  (C.  ar- 
vense )  was  used  to  also  evaluate  competitive  ability  of  the  native  grasses 
against  a  related  competitor.  Roots  of  C.  arvense  were  collected  at  Francis 
E.  Warren  Air  Force  Base  (FEWAFB),  near  Cheyenne,  WY,  and  were  prop¬ 
agated  in  University  of  Wyoming  at  Laramie,  WY,  greenhouses  for  compe¬ 
tition  studies.  Also,  R.  repens  and  C.  aruense-invaded  sites  at  Crowheart, 
WY  and  FEWAFB,  respectively,  were  used  in  field  planting  experiments. 

1.4  Organization 

This  report  is  generally  organized  in  the  sequence  that  the  various  experi¬ 
ments  and  tasks  identified  to  complete  the  effort  (Table  1)  were  performed. 
This  was  done  in  large  part  to  facilitate  both  reporting  of  results  and  mini¬ 
mization  of  complexity  and  redundancy  that  would  result  if  methods,  mate¬ 
rials,  and  results  for  all  experiments  were  categorized  together.  It  is  the  in¬ 
tent  that  the  approach  used  herein  will  present  a  clearer  and  more 
comprehensive  picture  of  the  results  of  this  research  effort. 
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Communities 

Non-invaded  Invaded 


Table  2.  Descriptive  characteristics  of  six  Rhaponticum  repens  invaded  rangeland  sites. 


Grass  species 

Location 

Elevation 

(m) 

R.  repens 
density 
(stems  m2) 

Invasion 
Age  (y)* 

Soil 

(texture 

class) 

Hesperostipa  comata 

Laramie,  WY 

2194 

7 

40 

sandy  loam 

Mud  Lake,  ID 

1460 

80 

70 

loamy  sand 

Riverton,  WY 

524 

30 

35 

sandy  loam 

Sporobolus  airoides 

Greybull,  WY 

1190 

57 

40 

silty  clay 

Laramie,  WY 

2189 

14 

40 

silty  clay  loam 

Naturita,  CO 

1621 

17 

75 

loamy  sand 

*  Invasion  years  are  based  on  literature  citations  and  herbarium  specimens  for  each  locale. 
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2  Testing  of  Native  Grass  for  Genetic  Traits 

2.1  Native  grass  collections 

2.1.1  Experimental  design 

2. 1.1.1  Sample  collection  -  native  grass 

Previously  identified  R.  repens- invaded  and  non-invaded  sites  were  sam¬ 
pled  hierarchically  for  each  grass  species  at  three  levels:  (l)  geographic 
location,  (2)  community  within  location,  and  (3)  subpopulation  within 
community.  At  each  location,  community  types  were  categorized  as  in¬ 
vaded  or  non-invaded  by  the  density  of  fresh  green  R.  repens  stems.  In¬ 
vaded  communities  contained  high  densities  of  R.  repens  (7-80  stems  m2) 
and  the  species  was  absent  from  non-invaded  communities.  Within  each 
community  type,  actively  photosynthesizing  leaf  tissue  was  collected  from 
10-15  individual  grasses  in  each  of  two  subpopulations  (-30  individuals 
per  community  type  per  location).  Community  types  and  subpopulations 
within  communities  were  separated  by  no  less  than  15  m  and  no  more  than 
20  m.  Sampling  mature  plants  rather  than  seed  better  enabled  researchers 
to  describe  those  individuals  able  to  persist  inside  invasions;  however, 
such  sampling  does  not  address  current  levels  of  gene  flow  between  com¬ 
munities.  Leaves  were  immediately  placed  in  silica  gel  and  stored  in  an 
ice-filled  cooler  for  transportation.  Samples  were  kept  in  a  freezer  at 
-20  °C  (-4.00  °F)  at  the  University  of  Wyoming  until  deoxyribonucleic  acid 
(DNA)  extraction  could  be  done  using  the  standard  2X  CTAB  protocol 
(Doyle  and  Doyle  1987). 

2. 1.1.2  Molecular  analyses  of  maternal  plant  tissue 

Using  samples  of  S.  cdroid.es  and  H.  comata  collected  at  R.  repens-invaded 
and  non-invaded  sites,  amplified  fragment  length  polymorphisms  (AFLPs) 
were  performed  as  described  by  Vos  et  al.  (1995)  except  that  EcoRI  selec¬ 
tive  amplification  primers  included  a  fluorescent  6-FAM  (6-carboxy  fluo¬ 
rescein)  label  on  the  5-ft  nucleotide.  Over  40  selective  primer  combina¬ 
tions  were  screened  for  the  ability  to  consistently  produce  more  than  40 
bands  per  native  species.  Of  those  screened,  five  EcoRI/Msel  primer  pairs 
(ACG.CAC,  ACG.CTA,  ACG.CTC,  ACGT.CTTC,  AGT.CTT)  were  chosen  to 
be  used  in  selective  amplifications  as  performed  by  Larson  et  al.  (2004). 
Amplified  DNA  fragments  were  size  fractionated  using  an  ABI3100  in- 
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strument  with  50-cm  capillaries,  POP-6  Polymer,  GeneScan  400HD  ROX 
(rhodamine  X)  internal  size  standards,  and  GeneScan  software  (PE  Ap¬ 
plied  Biosystems,  Foster  City,  CA).  The  GeneScan  sample  files  were  visual¬ 
ly  analyzed  for  presence  or  absence  of  DNA  fragments  between  50  and 
400  base  pairs  using  Genographer  version  1.5  (Benham  et  al.  1999),  which 
reduced  subjective  scoring  of  profiles.  A  locus  was  considered  polymorphic 
if  at  least  one  individual  showed  a  variant  pattern. 

2. 1.1.3  Inference  of  loci  under  selection 

To  identify  loci  that  may  have  been  influenced  by  selection,  this  work  fol¬ 
lowed  the  approach  developed  by  Bowcock  et  al.  (1991)  (Beaumont  and 
Nichols  1996).  The  program  DFdist,  provided  by  Dr.  Mark  Beaumont 
(Beaumont  and  Balding  2004),  was  used  to  simulate  the  distribution  of 
differentiation  across  loci  under  neutral  expectations.  DFdist  differs  from 
the  distributed  Fdist  (Beaumont  and  Nichols  1996)  and  Fdist2  (Beaumont 
and  Balding  2004)  in  that  DFdist  uses  Zhivotovsky’s  approach  (Zhivo- 
tovsky  1999)  to  calculate  the  simulated  values  for  heterozygosity  and  Fst, 
and  DFdist  uses  the  overall  heterozygosity  of  the  pooled  sample.  This  ap¬ 
proach  provides  a  more  accurate  simulation  for  biallelic  markers  in  a  small 
number  of  populations  (Beaumont,  personal  communication).  For  each 
grass  species,  individuals  were  grouped  according  to  community  type  and 
simulations  were  run  to  generate  expected  distributions  of  heterozygosity 
and  Fst  for  each  location  separately.  Loci  with  Fst  values  above  the  upper 
95  percent  quantile  for  this  simulation  were  inferred  as  being  influenced 
by  selection  in  accordance  with  community  differences  (hereafter  selected 
loci,  Sl).  The  95  percent  quantile  represents  a  one-tailed  hypothesis  of  lin¬ 
kage  to  selection  (see  Beaumont  and  Nichols  1996).  Loci  with  Fst  esti¬ 
mates  within  the  expected  boundaries  were  labeled  as  not  linked  to  genes 
under  selection  (NSl). 

2.1.2  Experimental  analysis 

2. 1.2.1  Parallel  patterns  of  divergence  in  maternal  plants 

Parallel  trends  in  divergence  indicate  that  observed  divergence  was  af¬ 
fected  by  selection  (Gavrilets  1997,  Campbell  and  Bernatchez  2004).  With¬ 
in  each  grass  species,  trends  in  the  divergence  of  Sl  markers  among  the 
three  locations  were  described  to  reveal  parallel  selection  (Campbell  and 
Bernatchez  2004).  A  locus  was  designated  as  having  a  parallel  trend  in  di¬ 
vergence  if  its  frequency  of  band  presence  in  one  community  type  was  at 
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least  5  percent  greater  than  in  the  other  community  type  at  all  three  loca¬ 
tions.  For  instance,  if  locus  x  had  a  higher  frequency  of  band  presence  for 
the  invaded  community  type  in  all  three  locations,  then  it  would  be  deter¬ 
mined  that  locus  x  exhibits  a  parallel  trend  in  divergence. 

A  chi-square  test  was  used  to  compare  observed  and  expected  proportions 
of  NSl  and  Sl  loci  showing  parallel  trends  in  divergence.  To  calculate  ex¬ 
pected  proportions  of  loci  exhibiting  parallel  trends,  the  product  of  the 
proportions  of  NSl  loci  was  used  with  parallel  trends  for  both  invaded  and 
non-invaded  community  types  over  all  three  locations  for  each  species 
(Campbell  and  Bernatchez  2004).  This  expected  proportion  was  multip¬ 
lied  by  the  absolute  number  of  loci  in  each  category  (NSl,  Sl)  to  assign  ex¬ 
pected  values  to  be  used  in  the  chi-square  test.  For  example,  if  locations  A, 
B,  and  C  had  proportions  of  NSl  with  parallel  trends  of  0.4,  0.3,  and  0.5, 
respectively,  then  the  product  of  those  proportions  would  be  0.06.  Thus, 
the  expected  proportion  of  loci  to  exhibit  parallel  trends  in  divergence 
would  be  0.06.  If  selection  is  occurring  between  the  two  community  types, 
one  would  expect  to  see  an  excess  of  observed  parallel  trends  in  Sl  relative 
to  NSl  loci. 

2.1.2.2  Genetic  distances  among  maternal  plant  sub-populations 

This  work  used  subpopulations  to  address  whether  observed  patterns  of 
divergence  are  greater  between  community  types  within  a  location  than 
within  community  types,  and  Sl  loci  were  analyzed  separately  from  NSl 
loci.  At  each  location,  divergence  (Nei  1978)  was  compared  between  sub¬ 
populations  within  a  community  (invaded  vs.  invaded)  to  that  of  subpopu¬ 
lations  between  communities  (invaded  vs.  non-invaded).  The  software 
Popgene  (Yeh  et  al.  1997)  was  used  to  calculate  genetic  distances  and  gene 
diversity  (Nei  1973)  for  all  comparisons.  When  using  dominant  markers 
(like  AFLPs),  Hardy-Weinberg  equilibrium  is  assumed  for  all  calculations. 
Student’s  t-tests,  with  locations  as  replicates,  were  used  to  test  the  null  hy¬ 
pothesis  that  divergence  between  subpopulations  will  be  equal  when  com¬ 
pared  within  or  between  community  types.  If  selective  pressures  were 
driving  divergence  between  community  types,  then  one  would  expect  to 
see  greater  genetic  distance  between  community  types  in  Sl  than  within 
community  types  in  Sl.  This  work  also  predicted  that  genetic  distance 
would  be  similar  within  and  between  community  types  in  selectively  neu¬ 
tral  loci,  NSl.  For  all  tests,  differences  were  considered  significant  at  a  = 
0.1,  and  p  <values  are  reported  in  the  text. 
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2.2  Testing  genetic  variation  of  invaded  and  non-invaded  Sporobolus 
airoides  populations  after  two  generations  of  greenhouse  seed 
increase 

2.2.1  Experimental  design 

The  original  collection  of  Sporobolus  airoides  plants  were  hand  dug  in 
2004  from  three  grassland  locations  near  Greybull  (GB),  WY,  Laramie 
(Mono),  WY,  and  Naturita  (BGV),  CO  (Figure  1).  At  each  site  was  an  area 
dominated  by  long-term  (25-70  years)  R.  repens  invasions  (Mealor  et  al. 
2004).  Ten  S.  airoides  plants  were  collected  from  within  invaded  areas 
(IN)  and  ten  plants  were  collected  from  noninvaded  areas  (OUT)  and 
brought  to  the  University  of  Wyoming  greenhouses  in  Laramie,  WY.  Plants 
were  held  in  identical  growth  environments  to  minimize  maternal  effects 
and  cross-pollination  of  the  two  populations  was  avoided  by  growing  the 
populations  in  separate  greenhouses.  However,  within  a  population  plants 
from  different  geographic  locations  were  held  together  in  one  greenhouse. 

Maternal  plants  produced  first  generation  seed  in  2005  which  was  sown  in 
the  greenhouse  in  2006  and  2007.  Second  generation  seed  was  then  col¬ 
lected  from  first  generation  plants.  The  first  generation  (Gi)  is  the 
offspring  from  the  maternal  field  plants  and  the  second  generation  (G2)  is 
the  offspring  of  Gi.  Each  population  (IN,  OUT)  originally  consisted  of  30 
maternal  lineages  (10  plants  from  each  of  the  three  locations).  In  this 
study,  we  used  16  IN  and  20  OUT  maternal  lineages  that  successfully  pro¬ 
duced  seed  from  Gi  and  G2.  A  commercially  available  cultivar  of  S.  air¬ 
oides,  from  a  2007  seed  stock  grown  in  Manderson,  WY,  was  obtained  to 
provide  a  standard  for  comparison  to  the  native  populations  (IN  and  OUT 
combined). 

Greenhouses  were  divided  into  10  blocks.  In  each  block,  five  seeds  from 
each  S.  airoides  maternal  line  and  generation  (2006  and  2007,  based  on 
seed  available)  were  sown  into  a  plastic  cylindrical  container  (39.4  cm 
deep  x  22.7  cm  wide)  filled  with  a  standard  potting  mix  (1:1  mixture  of 
washed  sand  and  growing  mix  [equal  mix  of  peat  moss,  vermiculite,  and 
perlite])  on  10-12  March  2008.  After  1  week,  seedlings  were  thinned  to 
one  seedling  per  pot.  Maternal  lineages  with  poor  germination  results 
were  supplemented  with  seedlings  started  in  a  growth  chamber  to  ensure 
enough  plant  material  for  analysis,  and  were  labeled  as  supplemented 
plants  throughout  the  study.  Greenhouse  temperatures  were  maintained 
at  26  °C  (79  °F)  for  12  hrs  and  20  °C  (68  °F)  for  12  hrs.  Plants  were  wa- 
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tered  twice  a  week  using  timed  drip  irrigation  at  6-minute  intervals  equal¬ 
ing  600  ml  of  water  per  plant  per  week. 

Leaf  tissue  was  collected  when  seedlings  had  at  least  five  tillers  with  fully 
expanded  leaves.  Collections  occurred  on  11  July,  3  August,  11  September, 
and  10  October  2008.  Three  leaves,  about  10  cm  long  (approximately  20 
mg  of  tissue),  were  sampled  from  each  plant  and  placed  in  a  plastic  bag 
with  2.5  g  of  grade  12  silica  desiccant.  Bagged  samples  were  refrigerated. 
Dried  leaf  samples  (10  to  20  mg)  were  cut  into  small  pieces  (1  to  5  mm 
lengths)  before  being  transferred  to  a  tissue  DNA  extraction  and  purifica¬ 
tion  kit  cartridge  (Promega  Corp.  2007).  Extraction  results  were  checked 
on  a  spectrophotometer  before  storing  at  4-6  °C  (39-43  °F). 

2.2.2  Experimental  analysis 

AFLP  (amplified  fragment  length  polymorphism)  genetic  marker  tech¬ 
niques  were  used  for  their  high  reproducibility,  and  cost  and  time  efficien¬ 
cy  for  generating  DNA  fingerprints  regardless  of  origin  or  complexity 
(Mueller  and  Wolfenbarger  1999).  AFLP  markers  have  effectively  been 
used  for  several  North  American  native  grasses  such  as  slender  wheatgrass 
( Elymus  trachycaulus )  (Ferdinandez  et  al.  2005),  blue  gramma  ( Boute - 
loua  gracilis )  (Fu  et  al.  2004),  purple  needlegrass  (Nassella  pulchra) 
(Larson  et  al.  2001),  Sandberg  bluegrass  ( Poa  secunda)  (Larson  et  al. 
2001b),  and  S.  airoides  (Mealor  and  Hild  2006).  All  DNA  extraction  and 
AFLP  lab  work  was  conducted  at  the  University  of  Wyoming’s  Nucleic  Acid 
Exploration  Facility. 

Adaptor  pairs  (Msel  and  EcoRI)  were  annealed  before  use  by  heating  to 
95  °C  (203  °F)  for  5  minutes  in  a  thermal  cycler  with  no  heated  lid.  A  plant 
mapping  kit  and  protocol  was  used  for  AFLP  reactions  (Applied  Biosys¬ 
tems  2007).  The  protocol  was  modified  by  diluting  only  10.0  pL  of  prese- 
lective  product  with  190.0  pL  of  TE  buffer.  The  following  primer  combina¬ 
tions  were  used  in  selective  amplification:  ACG-CAC,  ACG-CTA,  and  ACG- 
CTC.  Denaturing  occurred  in  a  96-well  microamp  plate  using  0.5  pL  of 
Rox  500  size  standards,  8.5  pL  of  HiDi,  and  1.0  pL  of  selective  amplifica¬ 
tion  product  in  each  well.  Plates  were  run  on  a  thermal  cycler  at  95  °C 
(203  °F)  for  3  minutes,  followed  by  a  quick  cool  in  an  ice  plate  for  3  mi¬ 
nutes.  Denatured  amplification  products  were  run  on  a  capillary  electro¬ 
phoresis  system  for  fragment  analysis  and  sequencing. 
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Raw  AFLP  data  were  analyzed  using  GeneMapper®  software  to  create 
tables  of  fragment  sizes  for  each  individual  seedling  and  each  primer  com¬ 
bination.  Tables  were  then  converted  to  a  binary  matrix  that  scored  frag¬ 
ments  as  present  (l)  or  absent  (o).  Statistics  of  genetic  diversity  within  and 
among  populations  (IN  and  OUT),  generations  (Gi  and  G2),  and  maternal 
locations  (BGV,  MONO,  and  GB)  were  computed  using  the  software  AFLP- 
SURV  vi. o.  (Vekemans  2002).  The  values  for  polymorphic  loci  are  re¬ 
ported  at  the  5  percent  level.  Population  expected  heterozygosity  (He), 
gene  diversity  within  (Hs),  total  gene  diversity  (Ht),  and  gene  diversity 
among  populations  (Gst)  were  all  calculated  (Lynch  and  Milligan  1994). 
Genetic  distances  calculated  in  AFLP-SURV  (Reynolds  et  al.1983)  were 
used  to  construct  an  unrooted,  neighbor-joining  tree  in  PHYLIP  (Felsens- 
tein  1989).  A  thousand  bootstraps  were  performed  over  the  AFLP  loci  for 
node  support.  The  portioning  of  genetic  variation  within  and  among  popu¬ 
lations  (IN,  OUT),  maternal  locations  (BGV,  MONO,  GB),  and  generations 
(Gi,  G2)  were  calculated  using  the  analysis  of  molecular  variance 
(AMOVA)  technique  in  ARLEQUIN  (Excoffier  et  al.  2005). 

A  polymorphic  locus  occurs  when  allelic  variation  occurs  at  frequencies 
that  are  too  high  to  be  accounted  for  by  selection  or  mutation  (Nei  1987). 
Expected  heterozygosity  (He)  is  the  estimated  fraction  of  all  individuals 
who  would  be  heterozygous  for  any  randomly  chosen  locus;  values  range 
from  zero  (no  heterozygosity)  to  nearly  one  (a  large  number  of  frequent 
alleles)  (Nei  1987).  Total  genetic  diversity  (Ht)  can  be  broken  down  to  de¬ 
termine  the  proportion  of  genetic  diversity  present  within  (Hs)  populations 
and  between  populations  (Dst;  Nei  1987).  Htand  Hs  values  range  from  zero 
(o)  to  1,  but  minimum  and  maximum  values  vary  based  on  the  number  of 
alleles  present  at  a  locus,  or  on  the  amount  of  polymorphic  loci.  Nei’s  coef¬ 
ficient  of  gene  differentiation  (Gst)  (Nei  1987)  and  Wright’s  fixation  index 
(Fst)  (Wright  1943)  are  used  to  quantify  the  amount  of  genetic  variation 
among  individuals  within  and  among  populations.  The  values  for  Gst  and 
Fst  range  between  zero  (o)  (allele  frequencies  are  identical  across  all  popu¬ 
lations;  Ht  and  Hs  are  equal)  and  1  (no  variation  within  populations  and  all 
variation  is  portioned  among  populations). 
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3  Greenhouse  Testing  of  Native  Grass 

Collections  and  Seedlings  for  Phenotypic 
and  Competitive  Traits 

3.1  Testing  for  competition  with  Russian  Knapweed 

3.1.1  Experimental  design 

Roots  of  R.  repens  (8-io  mm  diameter)  were  collected  from  a  dense  inva¬ 
sion  near  Laramie,  WY,  washed,  and  cut  into  approximately  6  cm  sections. 
Root  sections  were  planted  into  flats  and  watered  daily.  After  shoot  emer¬ 
gence,  the  root  and  shoot  units  were  again  washed  and  each  individual 
weighted  before  planting  them  into  plastic  lined,  15x45  cm  polyvinyl  chlo¬ 
ride  (PVC)  pots.  Potting  media  was  a  50  percent  sand  and  50  percent 
commercial  growing  soil  mix  (equal  mix  of  peat  moss,  vermiculite,  and 
perlite)  to  facilitate  root  penetration  and  extraction  via  washing.  After 
shoots  emerged  from  the  cuttings,  the  roots  were  again  washed  and  each 
individual  weighed  before  planting  into  experimental  plots. 

Sporobolus  airoides  collections  for  this  experiment  were  obtained  from 
grass  populations  previously  analyzed  using  amplified  fragment  length  po¬ 
lymorphism  (AFLPs),  which  revealed  evidence  of  divergent  selection  be¬ 
tween  two  community  types  (those  exposed  to  R.  repens  invasion  and 
those  not  (Mealor  and  Hild  2006,  Figure  1) . 

In  75  pots,  randomly  planted  R.  repens  plants  were  started  in  flats.  One 
week  after  planting  R.  repens  into  the  experimental  pots,  seven  S.  airoides 
seeds  from  24  maternal  genotypes  were  planted  into  two  pots  with  R.  re¬ 
pens  and  two  pots  without  R.  repens.  Twelve  genotypes  were  from  invaded 
(i.e.,  experienced;  IN)  and  12  from  non-invaded  (i.e.,  inexperienced;  OUT) 
communities  (Mealor  and  Hild  2006),  which  resulted  in  two  copies  of  each 
maternal  genotype  with  R.  repens  and  two  copies  without  R.  repens.  Ma¬ 
ternal  genotypes  were  assigned  randomly  to  R.  repens  pots  as  well  as  to  50 
pots  not  containing  R.  repens.  Twenty  five  pots  contained  only  R.  repens 
plants  alone.  Plants  were  grown  under  natural  lighting,  watered  three 
times  weekly,  and  pots  were  re-randomized  periodically  to  reduce  influ¬ 
ence  of  greenhouse  bench  position. 
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Emergence  of  S.  airoides  were  monitored  daily  for  a  2-week  period  follow¬ 
ing  planting,  as  were  plants  thinned  to  one  plant  per  pot  following  the  ini¬ 
tial  2  weeks.  For  each  S.  airoides  plant,  number  of  tillers,  number  of 
leaves,  and  length  of  longest  leaf  were  measured  every  2  weeks  for  the  du¬ 
ration  of  the  experiment.  Also  measured  were  the  height,  number  of 
shoots,  width  of  canopy  and  number  of  leaves  for  R.  repens  throughout  the 
experiment.  After  150  days,  R.  repens  plants  showed  evidence  of  senes¬ 
cence,  so  plant  biomass  was  harvested.  A  moderate  pressure  hose  above 
two  layers  of  hardwire  cloth  was  used  to  remove  soil  and  particulate  mat¬ 
ter  from  roots  before  separating  R.  repens  from  S.  airoides  roots.  All  bio¬ 
mass  was  oven  dried  at  60  °C  (140  °F)  for  3  days  before  weighing. 

3.1.2  Experimental  analysis 

Each  grass  genet  (genetically  distinct  individuals  as  determined  from  col¬ 
lection)  was  divided  into  multiple  clones  (ramets)  and  maintained  under 
irrigation  to  maximize  seed  production.  Ramets  from  invaded  communi¬ 
ties  were  separated  from  non-invaded  ramets  to  prevent  cross-pollination 
between  the  two  different  community  types.  Seeds  used  in  this  experiment 
were  produced  and  collected  under  the  same  greenhouse  conditions  for  all 
ramets,  thereby  reducing  potential  maternal  effects.  Seeds  produced  may 
have  been  cross-fertilized  between  genets  within  a  community  type  (i.e., 
invaded  x  invaded),  but  not  across  community  types.  Because  of  the  po¬ 
tential  for  cross  pollination,  seeds  were  identified  as  from  a  particular  ma¬ 
ternal  genet  rather  than  identical  genotypes. 

To  analyze  nondestructive  monitoring  data  for  S.  airoides,  a  completely 
randomized  two-factor  factorial  set  in  a  split  plot  in  time  with  knapweed 
competition  and  community  of  origin  was  used  as  treatment  factors.  A 
two-factor  factorial  design  was  also  used  to  test  for  differences  among  the 
growth  of  24  individual  maternal  genotypes  with  and  without  knapweed. 
The  same  factorial  design  was  used  to  assess  the  effects  of  each  maternal 
genotype  on  R.  repens  growth.  For  R.  repens  biomass  data,  analysis  of  co- 
variance  (ANCOVA)  was  used,  with  neighbor  (S.  airoides  from  invaded 
and  non-invaded  communities  and  no  neighbor)  as  the  treatment  and  ini¬ 
tial  dry  R.  repens  biomass  (estimated)  as  a  covariate. 
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3.2  Testing  for  competition  with  Canada  Thistle 

3.2.1  Experimental  design 

These  experiments  used  two  grass  species  (S.  airoides  and  H.  comata ) 
commonly  found  in  invasions  of  R.  repens  (Mealor  et  al.  2004).  Collec¬ 
tions  for  these  experiments  were  obtained  from  grass  populations  pre¬ 
viously  analyzed  using  AFLPs,  which  revealed  evidence  of  divergent  selec¬ 
tion  between  the  two  community  types  (Mealor  and  Hild  2006,  Figure  1). 
The  grasses  were  collected  from  invasions  of  R.  repens  and  had  not  expe¬ 
rienced  competition  from  the  related  NIPS,  C.  arvense.  Native  grasses 
were  sampled  randomly  within  each  community  (invaded,  noninvaded; 

IN,  OUT)  at  each  location.  We  excavated  large  genets  (approximately  25 
cm  diameter)  of  each  native  grass  species  and  transported  them  to  green¬ 
house  facilities  at  the  University  of  Wyoming,  Laramie,  WY.  Once  all 
plants  were  in  the  greenhouse,  each  genet  was  divided  into  multiple  clones 
(ramets).  A  subset  of  these  clones  was  used  for  this  study.  On  1  April  2005, 
C.  arvense  roots  were  collected  at  FEWAFB  and  transported  to  the  Uni¬ 
versity  of  Wyoming  greenhouses.  C.  arvense  plants  were  grown  from  10 
cm  root  cuttings  in  flats  containing  a  50%  sand,  50%  peat  soil  mix. 

On  24  and  25  April  2005,  we  randomly  assigned  nine  treatments  to  two 
pots  within  five  blocks.  Treatments  were  C.  arvense  grown  1)  alone,  2) 
with  experienced  H.  comata,  3)  with  inexperienced  H.  comata,  4)  with  ex¬ 
perienced  S.  airoides,  5)  with  inexperienced  S.  airoides,  and  each  grass 
grown  alone  (treatments  6-9).  Grasses  and  thistles  were  planted  into  15 
cm  x  45  cm  columnar  PVC  pots  in  a  50%  sand  and  50  %  peat  soil  media 
(by  volume).  Plants  were  grown  under  30  °C  day  and  20  °C  night.  Plants 
were  watered  once  a  week  and  day  length  varied  from  15  hours  in  May  to 
12  hours  in  December. 

3.2.2  Experimental  analysis 

This  study  used  C.  arvense  to  assess  establishment,  survival,  and  repro¬ 
duction  of  the  two  native  grasses.  This  allowed  documentation  of  the  com¬ 
petitive  ability  of  native  grasses  against  a  novel  (but  related)  NIPS,  thus 
broadening  the  assessment  of  the  competitive  traits  of  the  grasses. 

To  determine  if  either  experienced  or  inexperienced  native  grasses  grew 
larger  in  competition  with  C.  arvense,  grasses  that  grew  as  well  with  the 
exotic  neighbor  were  considered  more  tolerant  to  C.  arvense  presence.  To 
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provide  a  measurement  of  grass  growth  during  the  study,  we  documented 
number  of  tillers.  Monitoring  was  initiated  on  n  May  2005  and  was  re¬ 
peated  every  2  weeks  for  a  total  of  16  weeks  (8  observations).  Each  block 
was  harvested  at  2-week  intervals  from  the  15  October  2005  to  10  Decem¬ 
ber  2005. 

The  experiment  was  analyzed  as  a  completely  randomized  block  design 
(CRBD).  Biomass  data  were  analyzed  using  ANOVA  appropriate  to  a 
CRBD.  Following  ANOVA.  Means  were  compared  using  LSD  (at  the  a  = 
0.05  level  (SAS  2003). 

The  number  of  tillers  over  time  was  analyzed  using  a  split  plot  arrange¬ 
ment  of  CRBD  in  time  and  means  were  separated  with  LSD  (a  =  0.05). 

3.3  Testing  for  native  grass  competition  with  Canada  Thistle  using 
the  Relative  Neighbor  Effect  (RNE)  Index 

3.3.1  Experimental  design 

Nine  treatments  were  randomly  assigned  to  two  pots  (samples)  of  ran¬ 
domly  selected  genets  from  all  locations,  within  five  replicate  blocks,  re¬ 
sulting  in  10  pots  for  each  treatment,  a  total  of  90  pots.  Two  pots  were 
treated  identically  in  each  of  the  five  blocks  to  allow  for  better  estimates 
and  incidental  mortality.  Treatments  were  C.  arvense  grown:  (1)  alone, 

(2)  with  experienced  H.  comata,  (3)  with  inexperienced  H.  comata, 

(4)  with  experienced  S.  airoides,  (5)  with  inexperienced  S.  airoides,  and 
each  grass  and  experience  combination  grown  alone  (treatments  6-9). 
Grasses  and  thistles  were  planted  into  15  cm  x  45  cm  columnar  PVC  pots 
in  a  50  percent  sand  and  50  percent  peat  soil  media  (by  volume).  Plants 
were  grown  under  30  °C  (86  °F)  day  and  20  °C  (68  °F)  night.  Plants  were 
watered  once  a  week  and  day  length  varied  from  15  hrs  in  May  2005  to 
12  hrs  in  December  2005. 

3.3.2  Experimental  analysis 

Competition  between  grasses  and  thistles  was  quantified  using  the  Rela¬ 
tive  Neighbor  Effect  (RNE)  index  (Markham  and  Chanway  1996,  Huckle  et 
al.  2000).  The  index  is  based  on  target  plant  growth  (in  this  study,  bio¬ 
mass)  in  the  presence  of  a  neighbor,  relative  to  growth  alone,  such  that 
RNE  =  (P-n-P+n)/x,  where  P  is  the  performance  of  plants  in  the  presence 
(+N)  and  absence  (-N)  of  neighbors. 
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The  term  “x”  was  regarded  as  P. n  when  P-n  was  greater  than  P+ n,  and  “x” 
was  regarded  as  P+n  when  P+n  was  greater  than  P-n.  RNE  is  a  modified 
version  of  the  Relative  Competitive  Intensity  (RCI)  index  (Belcher  et  al. 
1995,  Goldberg  et  al.  1999,  Weigelt  and  Jolliffe  2003).  To  account  for  dif¬ 
ferences  between  very  high  competition  intensity  or  facilitation,  the  arc  sin 
transformation  of  RNE  (Huckle  et  al.  2000),  also  called  Corrected  Relative 
Competition  Index  (CRCI)  (Oksanen  et  al.  2006)  was  used.  Competitive¬ 
ness  of  experienced  and  inexperienced  grasses  using  RNE  as  a  standar¬ 
dized  means  to  compare  each  grass’s  competitive  growth  with,  and  influ¬ 
ence  on  C.  arvense  (calculated  as  the  RNE  for  C.  arvense  in  competition 
with  each  grass)  was  assessed. 

RNE  measures  of  C.  arvense  biomass  were  analyzed  for  five  treatments 
(thistle  grown  alone,  and  with  experienced  and  inexperienced  genets  of  the 
two  grasses)  and  grass  biomass  was  analyzed  separately  for  each  species 
(four  treatments:  with  and  without  thistle  neighbors  and  both  inexpe¬ 
rienced  and  experienced  grass  conspecifics).  RNE  values  (differences  in 
biomass  between  plants  grown  with  a  neighbor  and  grown  alone)  were 
analyzed  across  all  species  for  differences  among  neighbor  effects  (RNE 
values  for  C.  arvense  combined  with  each  of  four  grass  treatments  and  the 
corresponding  grass  RNE  values). 

Experienced  or  inexperienced  native  grasses  that  grew  larger  in  competi¬ 
tion  with  the  exotic  neighbor  were  considered  more  tolerant  to  C.  arvense 
presence.  Grass  growth  was  documented  during  the  study  via  number  of 
tillers  and  final  biomass.  Monitoring  was  initiated  in  May  and  was  re¬ 
peated  every  2  weeks  for  a  total  of  16  weeks  (eight  observations)  after 
which  plant  harvest  was  begun.  Each  block  was  harvested  at  2-week  inter¬ 
vals  from  15  October  to  10  December  2005.  Beginning  in  October  harvests, 
if  a  pot  lost  a  portion  of  its  treatment  due  to  mortality  (i.e.,  a  neighboring 
grass  or  thistle  died),  the  remaining  plants  were  harvested  for  biomass, 
but  were  not  included  in  analyses  of  leaf  nutrient  content. 

3.4  Testing  for  nutrient  content  of  Canada  Thistle 

3.4.1  Experimental  design 

Five  replicate  pots  were  randomly  selected  from  the  S.  airoides  competi¬ 
tion  treatments  (C.  arvense  with  experienced  S.  airoides,  C.  arvense  with 
inexperienced  S.  airoides,  and  three  pots  containing  C.  arvense  grown 
alone,  cf.  Section  3.2,  p  19),  to  assess  nitrogen  content  in  C.  arvense.  Each 
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pot  was  injected  with  as  solution  (20%  ^N)  containing  0.5  g  of  ammo¬ 
nium  nitrate  over  a  2-hr  period  at  15  cm  soil  depth.  Watering  was  sus¬ 
pended  following  injection  until  the  plants  were  harvested  (48  hrs  later)  to 
avoid  leaching  (McKane  et  al.  1990).  Following  harvest,  all  leaf  materi¬ 
al  was  oven-dried  at  60  °C  (140  °F)  and  ground  until  samples  would  pass 
through  a  0.5  mm  mesh  (McKane  et  al.  1990)  to  obtain  a  minimum  of  3 
mg  of  dry  plant  tissue.  Once  samples  were  homogenized,  they  were  ana¬ 
lyzed  using  an  isotopic  mass  spectrometer  to  obtain  leaf  nitrogen  and  car¬ 
bon  concentrations.  One  pot  containing  an  inexperienced  S.  airoides 
grown  with  C.  arvense  was  inadvertently  over-injected  and  in  one  other 
pot  the  experienced  S.  airoides  died;  both  were  removed  from  analysis 
leaving  four  replicate  pots  of  each  competition  treatment  and  three  pots 
containing  C.  arvense  grown  alone  for  comparison. 

3.4.2  Experimental  analysis 

Once  samples  were  homogenized,  they  were  analyzed  using  an  isotopic 
mass  spectrometer  to  obtain  leaf  nitrogen  and  carbon  concentrations.  Af¬ 
ter  homogenization  Cirsium  arvense  leaf  tissue  nutrient  content  was  ana¬ 
lyzed  for  differences  among  three  treatments  (grown  alone,  or  with  either 
experienced  or  inexperienced  S.  airoides )  using  an  isotopic  spectrometer. 
Where  ANOVA  revealed  significant  F-tests,  means  were  compared  using 
Tukey’s  Honestly  Significant  Difference  (HSD)  at  the  a  =  0.05  level. 

3.5  Testing  for  competition  with  Canada  Thistle  under  herbivory  by 
Stem-Mining  Weevils 

3.5.1  Experimental  design 

The  potential  was  evaluated  for  combining  a  stem  boring  weevil  (Hadrop- 
lontus  litura )  (formerly,  Ceutorhynchus  litura;  Coleoptera)  with  competi¬ 
tion  from  the  two  native  bunchgrass  species,  H.  comata  and  S.  airoides.  As 
indicated,  these  grasses  have  demonstrated  the  ability  to  grow  within  very 
old  invasions  (30  to  80  years)  of  R.  repens  (Mealor  et  al.  2004).  Hadrop- 
lontus  litura  is  of  special  interest  for  biological  control  of  C.  arvense  be¬ 
cause  the  insect  thrives  in  cultivated  land  and  attacks  in  early  spring  be¬ 
fore  the  thistle  has  become  troublesome.  This  introduced  stem  boring 
weevil  has  been  employed  as  a  biological  control  agent  on  C.  arvense  in 
the  United  States  and  Canada  for  several  decades  (see  Zwolfer  and  Harris 
1966). 
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In  a  greenhouse  experiment,  we  compared  the  impacts  of  seven  treatment 
combinations  of  thistle  plants  exposed  to  grass  competition  and  weevil 
herbivory  alone  or  in  concert.  In  the  fall  of  2004,  we  collected  S.  airoides 
near  Greybull  and  Laramie,  WY,  and  Naturita,  CO,  and  H.  comata  near 
Riverton  and  Laramie,  WY,  and  Mud  Lake,  ID  (Figure  1).  We  excavated 
large  individuals  (approximately  25  cm  diameter)  of  each  native  grass  spe¬ 
cies  and  transported  them  to  and  maintained  them  in  greenhouse  facilities 
at  the  University  of  Wyoming,  Laramie,  WY.  Once  all  plants  were  in  the 
greenhouse,  each  genet  was  divided  into  multiple  clones  and  repotted  to 
allow  recovery  following  division.  Cirsium  arvense  roots  were  collected  at 
FEWAFB.  On  1  April  2005  C.  arvense  roots  were  grown  in  flats  from  se¬ 
lected  10  cm  root  cuttings  of  similar  diameters. 

On  24  and  25  April  2005  grasses  and  thistles  were  randomly  assigned  for 
planting  into  15  cm  x  45  cm  columnar  pots  in  a  media  of  50%  sand  and  50 
%  peat  soil  (by  volume).  Treatments  were:  C.  arvense  1)  grown  alone,  2) 
subjected  to  herbivory  by  H.  litura,  3)  in  competition  with  H.  comata  only, 
4)  in  competition  with  S.  airoides  only,  5)  in  competition  with  H.  comata 
and  subjected  to  H.  litura,  6)  in  competition  with  S.  airoides  and  sub¬ 
jected  to  H.  litura,  and  7)  C.  arvense  competing  with  both  grasses.  To 
avoid  losing  data  for  a  treatment  due  to  mortality,  each  treatment  was 
randomly  assigned  to  two  duplicate  pots  within  each  of  five  replicate 
blocks.  Five  H.  litura  individuals  obtained  from  a  commercial  source  (In¬ 
tegrated  Control  of  Weeds,  Bozeman,  MT)  were  placed  on  thistles  into 
herbivory  treatments  on  12  May  2005  and  the  pots  were  covered  with 
polyester  netting  until  the  20  May  2005,  when  the  adult  insects  were  re¬ 
moved  from  the  plants.  Plants  were  grown  under  30°C  (86  °F)  day  and 
20  °C  (68  °F)  night  temperatures.  Plants  were  watered  once  a  week  and 
day  length  varied  from  15  hours  in  May  to  12  hours  in  December. 

3.5.2  Experimental  analysis 

Each  block  was  harvested  at  2-week  intervals  from  October  2005  to  De¬ 
cember  2005.  Plants  were  assessed  for  mortality  at  the  time  of  harvesting. 
Plants  were  removed  from  pots  and  washed  in  a  sieve  to  retain  roots. 
Washed  plants  were  divided  into  roots  and  shoots.  Leaves  were  removed 
and  leaf  area  was  measured  with  a  leaf  area  meter  LI-3100  (Ll-Cor,  Lin¬ 
coln,  NE).  All  plant  material  was  dried  at  65  °C  (149  °F)  for  36  hrs  and 
weighed.  Specific  Leaf  Area  (SLA)  from  the  coefficient  between  the  leaf 
area  and  leaf  biomass  was  calculated.  Root  and  shoot  biomass  were 
summed  to  obtain  total  biomass. 
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To  provide  a  non-destructive  estimate  of  shoot  biomass  during  the  study, 
biomass  estimates  were  derived  from  a  series  of  stem  volume  measures  on 
C.  arvense  individuals  following  procedures  of  Montagu  et  al.  (2005)  and 
Segura  and  Kanninen  (2005).  Cirsium  arvense  was  monitored  by  measur¬ 
ing  height  and  diameter  of  each  thistle  stem,  to  calculate  stem  volume. 
Aboveground  biomass  of  C.  arvense  was  inferred  from  stem  volume  calcu¬ 
lated  as  the  volume  in  a  column  and  aboveground  biomass  measures  of  60 
harvested  C.  arvense  individuals.  This  allometric  relationship  provided  an 
equation  to  estimate  aboveground  biomass  (p  <  0.01,  R2=o.8i35),  where 
aboveground  biomass  (g)  =  0.0339  x  stem  volume  (cm3)  +  0.0705.  These 
estimates  allowed  the  examination  of  aboveground  biomass  during  the 
study,  before  harvest,  giving  an  assessment  of  insect  impacts  before  harv¬ 
est. 

Treatment  effects  on  thistle  growth  were  analyzed  using  ANOVA  for  a  ran¬ 
domized  complete  block  experimental  design  (CRBD).  Five  replicate 
blocks  containing  two  pots  (subsamples)  of  each  treatment  were  used  to 
control  variation  due  to  bench  position  and  to  stagger  harvest  dates.  Above 
and  belowground  biomass  at  harvest  were  analyzed  using  ANOVA  (SAS 
2003).  We  conducted  a  relative  efficiency  test  to  evaluate  the  impact  of 
blocking  in  the  design.  In  the  case  of  non-significance  for  the  blocking  fac¬ 
tor  at  p  =  0.05,  data  was  re-analyzed  removing  blocks  for  the  model.  Shoot 
biomass  estimates  over  the  time  of  the  study  were  analyzed  using  a  split 
plot  design  to  incorporate  repeated  measures.  Where  F-tests  were  signifi¬ 
cant  at  a  =  0.05,  mean  comparisons  between  treatments  within  a  sampling 
date  were  made  using  an  LSD  mean  separation  test  at  the  a  =  0.05  level. 
Mortality  was  evaluated  using  a  Chi-square  analysis. 

3.6  Testing  for  phenotype  of  first  and  second  generation  seedlings  - 
plant  traits  in  response  to  long-term  exposure  to  Rhaponticum 
repens 

3.6.1  Experimental  design  -  greenhouse  increase 

3.6. 1.1  Maternal  lineages  material  collection 

Maternal  S.  airoides  plants  were  hand  dug  in  2004  from  grassland  loca¬ 
tions:  Greybull  (GB)  and  Laramie,  WY  (Mono),  and  Naturita,  CO  (BGV) 
(Figure  1).  Ten  S.  airoides  plants  collected  from  within  R.  repens  invaded 
areas  (IN)  and  10  plants  collected  from  adjacent  non-invaded  areas  (OUT) 
were  brought  to  the  University  of  Wyoming  greenhouses  in  Laramie,  WY, 
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and  held  in  identical  growth  environments  to  minimize  maternal  effects. 
Cross  pollination  of  the  two  populations  was  avoided  by  growing  the  popu¬ 
lations  in  separate  greenhouses.  Seed  was  collected  from  original  maternal 
plants  in  2005  and  first  generation  offspring  was  sown  from  seed  in  the 
greenhouse  from  2006  to  2007.  First  generation  (Gi)  plants  are  the 
offspring  from  the  maternal  field  collections  and  second  generation  (G2)  is 
the  offspring  of  Gi.  Each  population  (IN,  OUT)  originally  consisted  of  30 
maternal  lineages  (10  plants  from  each  of  the  three  locations).  This  study 
used  16  IN  and  20  OUT  maternal  lineages  that  successfully  produced  seed 
from  Gi  and  G2.  A  commercially  available  cultivar  of  S.  airoides  from  a 
2007  seed  stock  grown  in  Manderson,  WY  was  obtained  to  provide  a  stan¬ 
dard  for  comparison  to  the  native  populations. 

3.6.1.2  3.6.1.2  Germination  of  maternal  lineages  derived  from  greenhouse 
increase 

These  experiments  were  conducted  in  two  separate  greenhouses,  one  con¬ 
taining  the  IN  population  and  one  held  the  OUT  population.  Each  green¬ 
house  was  divided  into  10  blocks  and  each  block  consisted  of  one  plant 
from  each  generation  (Gi,  G2)  and  each  maternal  lineage.  In  March  2008, 
50  randomly  selected  seeds  (five  seeds  per  block)  were  sown  into  10  plastic 
cylindrical  containers  (39.4  cm  deep  x  22.7  cm  wide)  filled  with  a  standard 
potting  mix  (1:1  mixture  of  washed  sand  and  growing  mix  [equal  mix  of 
peat  moss,  vermiculite,  and  perlite]).Seedlings  were  thinned  to  one  seedl¬ 
ing  per  pot  after  1  week.  Maternal  lineages  with  poor  germination  results 
were  supplemented  with  seedlings  started  in  a  growth  chamber  to  ensure 
enough  plant  material  for  the  study  and  labeled  as  supplemented  plants 
throughout  the  study.  Greenhouse  temperatures  were  maintained  at  26  °C 
(78  °F)  for  12  hrs  and  20  °C  (68  °F)  for  12  hrs.  Plants  were  watered  twice  a 
week  using  timed  drip  irrigation  at  6-minute  intervals  equaling  600  ml  of 
water  per  plant  per  week. 

3.6.2  Experimental  design  —  field  increase 

3.6.2. 1  Maternal  lineages  material  collection 

Maternal  plants  were  collected  from  three  locations  (Greybull  and  Lara¬ 
mie,  WY,  and  Naturita,  CO;  Figure  1,  Mealor  and  Hild  2006),  were  kept  in 
field  plots  since  2006  (see  Section  4.1.2,  p  35),  and  were  subjected  to  tem¬ 
perature  and  moisture  regimes  typical  of  Laramie,  WY.  IN  genotypes  were 
distanced  from  OUT  genotypes  to  eliminate  out  crossing.  Sporobolus  air¬ 
oides  seeds  used  in  the  germination  and  root  growth  experiments  were 
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hand-collected  from  maternal  plants  in  either  2006  or  2007.  Seeds  were 
allowed  to  fully  ripen,  and  the  inflorescences  were  clipped,  bagged,  and 
then  stored  at  room  temperature.  Seed  cleaning  consisted  of  removing  the 
glumes,  lemma,  and  palea.  Seeds  were  then  counted,  placed  in  paper  enve¬ 
lopes,  and  stored  at  room  temperature.  The  commercial  cultivar  grown  in 
Manderson,  WY  and  harvested  in  2006  was  obtained  from  a  commercial 
grower  and  was  cleaned  in  the  same  fashion. 

3. 6.2.2  Germination  of  maternal  lineages  derived  from  field  increase 

Eighteen  genotypes  from  the  2006  seed  source,  twenty-four  genotypes 
from  the  2007  seed  source,  and  one  commercial  cultivar  from  the  2006 
seed  source  were  germinated  for  21  days  (4  -  24  March  2008)  under  con¬ 
trolled  conditions.  Each  genotype  was  assigned  three  replicate  Petri  dishes 
(experimental  unit)  each  containing  50  seeds.  Seed  orientation  was  kept 
uniform  in  the  Petri  dishes.  Fully  developed  seeds  were  selected  at  ran¬ 
dom,  disregarding  seed  size  and  color  (Knipe  1967).  The  study  consisted  of 
a  total  of  129  Petri  dishes.  Each  experimental  unit  was  placed  on  one  of 
two  shelves  within  each  growth  chamber.  Three  growth  chambers  were 
tested  and  calibrated  prior  to  the  experiment  to  assure  temperatures  met 
accuracy  standards  (+  or  -  0.1 0  C).  Each  chamber  was  thoroughly  cleaned 
and  disinfected  prior  to  use. 

We  placed  two  layers  of  (90  mm  diameter,  number  2)  filter  papers  in  the 
bottom  of  plastic  Petri  dishes  (90  mm  dia.)  and  placed  50  seeds  on  top  of 
the  filter  papers.  Dishes  were  watered  with  10  mL  of  distilled  water,  lids 
placed  on  top  of  the  dishes,  and  the  dishes  placed  into  the  growth  cham¬ 
bers.  Petri  dishes  were  re-moistened  with  distilled  water  once  daily  to  en¬ 
sure  moist  conditions. 

Each  of  the  43  maternal  lineages  represented  a  combination  of  position 
(IN,  OUT),  and  seed  source  (2006,  2007).  Seed  of  each  maternal  lineage 
(replicated  10  times)  was  germinated  in  growth  chambers  and  followed  to 
record  root  growth.  Radicle  length  was  measured  for  10  days  following 
germination.  Eighteen  maternal  lineages  from  a  2006  seed  source,  24  ma¬ 
ternal  lineages  from  a  2007  seed  source,  and  one  commercial  cultivar  from 
a  2006  seed  source  were  germinated  in  one  growth  chamber,  which  was 
calibrated  according  to  industry  standards  (±0.1  °C  [±0.06  °F]).  The 
growth  chamber  was  thoroughly  cleaned  and  disinfected  before  use.  Ten 
seeds  per  maternal  lineage  were  placed  in  paper  germination  sleeves  (15  x 
22  cm),  which  helps  to  facilitate  directional  growth  and  measurement  of 
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seed  radicles  and  to  ensure  proper  moisture  around  the  seed  by  wicking 
water  upwards  to  the  seed  trough.  Germination  sleeves  were  moistened 
with  distilled  water  and  placed  in  the  growth  chamber  under  alternating 
temperatures  of  33  to  26  °C  (91.4  to  78.8  °F)  in  12  hr  intervals.  Germina¬ 
tion  sleeves  were  positioned  vertically  during  germination.  Due  to  S.  air- 
oides  being  negatively  photoblastic  (Knipe  1970),  growth  chamber  lights 
were  kept  off  for  the  duration  of  the  experiment. 

S.  airoides  germinates  best  at  a  constant  temperature  of  32.20  C  (90 0  F) 
and  at  alternating  temperatures  ranging  from  26.1  to  32.2 0  C  (79-90°  F, 
Knipe  1967),  and  so  chamber  temperatures  were  kept  at  26.0°  C  (78.8°  F) 
for  12  hours  at  70%  RH  and  33. o°  C  (89.6°  F)  for  12  hours  at  80%  RH. 
Lights  remained  off  for  the  duration  of  the  experiment.  Genotypes  and 
seed  lot  (2006  and  2007)  were  rotated  on  shelves  every  other  day.  Seed 
germination  was  recorded  every  2  days  starting  on  6  March  2008.  The 
commercial  cultivar  (150  seeds,  three  dishes)  was  included  for  compari¬ 
son.  Results  from  the  commercial  cultivar  were  used  in  figures  but  were 
not  statistically  compared  to  our  genotypes. 

We  conducted  our  experiment  for  22  days  to  document  seed  germination 
and  possible  effects  of  R.  repens  on  maternal  plant  offspring  germination. 
Sporobolus  airoides  seeds  were  considered  germinated  when  both  the  ra¬ 
dicle  and  plumule  had  broken  through  the  seed  coat  (Knipe  1970). 

Seed  viability  was  determined  for  remaining  non-germinated  seeds  in  each 
Petri  dish  using  a  1.0%  Tetrazolium  staining  (TZ)  solution  (derivative  2,  3, 
5-triphenyl  tetrazolium  chloride  TTC)  mixed  with  distilled  water  (AOSA 
Tetrazolium  Testing  Handbook  2000).  Seeds  were  bisected  through  the 
embryo,  placed  into  the  TZ  solution  to  imbibe  for  24  hours  and  then 
viewed  under  a  microscope.  Seed  embryos  that  were  stained  fully  red  were 
deemed  viable  and  embryos  that  were  stained  only  partially  red  were 
deemed  not  viable.  Seed  viability  results  were  used  to  adjust  the  starting 
numbers  of  seeds  for  each  genotype  to  only  account  for  non-dormant  seed 
(i.e.,  if  ten  seeds  were  deemed  not  viable,  then  germination  percent  was 
calculated  using  only  40  seeds  instead  of  the  original  starting  number  of 
50).  Taking  seed  viability  into  account  helps  to  minimize  confounding  ef¬ 
fects  in  statistical  analyses  (Scott  et  al.  1984). 
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3.6.3  Experimental  Analysis  —  greenhouse  increase 

3.6.3. 1  Phenotypic  observations  -  greenhouse  increase 

Plant  measurements  were  taken  bi-weekly  for  26  weeks  (starting  on  26 
March  2008  and  ending  24  September  2008)  or  until  inflorescences  were 
harvested  or  plants  displayed  signs  of  senescence.  Dates  of  germination, 
inflorescence  emergence,  pollen  shed,  and  inflorescence  harvest  were  do¬ 
cumented  as  they  occurred.  Plant  measurements  included:  tiller  number, 
length  and  width  of  three  leaves,  plant  height,  basal  diameter,  inflores¬ 
cence  height,  and  inflorescence  number.  Tiller  and  inflorescence  produc¬ 
tion  were  counted  on  all  seedlings.  Leaf  length,  plant  height,  basal  diame¬ 
ter,  and  inflorescence  height  were  measured  in  centimeters  and  leaf  width 
was  measured  in  millimeters.  Three  leaves  of  each  plant  were  measured 
for  length  and  width  and  values  averaged  for  analysis.  Plant  height  was 
measured  from  the  base  of  the  plant  up  to  the  highest  point.  Basal  diame¬ 
ter  was  measured  in  a  cross  section  from  the  outermost  tillers  on  opposite 
sides  of  the  plant.  Three  inflorescences  were  measured  from  the  base  of 
the  plant  to  the  tip  of  the  inflorescence  and  the  values  averaged  for  inflo¬ 
rescence  height  analysis.  When  seeds  reached  maturation  (dark  in  color 
and  hard  to  the  touch)  inflorescences  were  collected  and  air  dried  in  paper 
bags.  After  1  month,  seeds  were  hand  cleaned,  counted,  and  weighed  to  the 
nearest  milligram.  For  purposes  of  discussion,  we  divided  phenotypic 
traits  into  vegetative  and  reproductive  traits.  Vegetative  growth  traits  in¬ 
clude  tiller  production,  plant  height,  leaf  length,  and  basal  diameter.  Re¬ 
productive  traits  include  inflorescence  height,  seed  production,  inflores¬ 
cence  production,  seed  weight,  and  germination. 

3. 6.3. 2  Data  analysis  -  greenhouse  increase 

Phenotypic  traits  were  measured  to  determine  1)  which  population  had  the 
greatest  tiller  production,  plant  height,  basal  diameter,  leaf  elongation, 
and  leaf  width  and  2)  which  population  had  greatest  sexual  reproduction 
effort  (inflorescence  production,  inflorescence  height,  seed  production, 
and  seed  weight).  Bi-weekly  phenotypic  data  were  summarized  and  ana¬ 
lyzed  using  a  functional  data  analysis  approach.  Plants  varied  for  germina¬ 
tion,  sexual  maturation,  and  senescence  timing,  so  not  all  plants  were 
measured  at  each  sampling  date.  Individual  plant  measurements  for  a  trait 
were  summarize  by  dividing  total  growth  by  the  number  of  weeks  it  took  to 
achieve  maximum  growth  for  that  trait:  total  growth  =  maximum  growth  - 
o  /  number  of  weeks.  This  approach  eliminates  the  variation  in  number  of 
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weeks  required  for  individuals  to  reach  maximum  for  each  trait.  Final 
measurements  were  not  used  because  they  did  not  always  reflect  maxi¬ 
mum  growth  because  of  senescence  and  the  switching  of  resources  from 
vegetative  to  sexual  reproductive  growth. 

A  general  linear  model  ANOVA  was  used  to  examine  growth  differences 
between  populations  and  generations.  When  interactions  between  popula¬ 
tion  and  generation  occurred,  a  difference  of  means  within  a  population  or 
generation  was  calculated  with  a  Bonferroni  adjusted  p-value.  The  native 
populations  (IN  and  OUT)  were  averaged  and  compared  to  the  cultivar  us¬ 
ing  a  two  sample  t- test  (95%  Cl). 

Traits  displaying  unequal  variance,  outliers  toward  the  high  end,  and 
right-skewed  data  were  logten-transformed  to  conform  to  assumed  nor¬ 
mality.  Those  traits  for  which  data  were  log-transformed  included:  inflo¬ 
rescence  height,  seed  production,  inflorescence  number,  seeds  per  inflo¬ 
rescence,  and  weight  per  100  seeds.  Traits  not  log  transformed  were  tiller 
production,  plant  height,  basal  diameter,  leaf  length  and  leaf  width. 

Regressions  were  run  to  determine  which  generation  within  each  popula¬ 
tion  had  the  fastest  growth  rate.  For  this  analysis,  data  from  weeks  2-14 
were  averaged  across  all  individuals  within  each  sampling  date  for  each 
trait.  Regressions  determined  how  long  (in  weeks)  a  population  took  to 
reach  the  study  average  for  each  vegetative  growth  trait. 

3.6.4  Experimental  Analysis  —  germination  and  seedling  root  growth  of 
maternal  lineages  after  field  increase 

Seeds  collected  in  different  years  from  the  same  species  may  differ  greatly 
in  germination  and  root  growth  due  to  highly  variable  environmental  con¬ 
ditions  from  year  to  year  (Baskin  and  Baskin  2001).  Seeds  used  in  these 
experiments  were  collected  from  field  plots  but  were  grown  in  a  common 
environment.  Seed  collections  from  the  2  years  were  not  pooled  or  com¬ 
bined  into  one  analysis  to  examine  any  differences  between  years.  Geno¬ 
types  exhibiting  similar  germination  traits  or  primary  root  growth  from 
collection  year  to  collection  year  will  provide  even  stronger  evidence  of  any 
differences  among  IN  and  OUT  genotypes  than  if  only  one  collection  year 
was  examined.  S.  airoides  seeds  require  after-ripening  before  notable 
germination  can  be  expected  (Knipe  1968).  Seed  lots  underwent  after¬ 
ripening  periods  of  at  least  17  months  (2006  seed),  five  months  (2007 
seed),  and  at  least  16  months  (commercial  cultivar).  Although  larger  S. 
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airoides  seeds  tend  to  germinate  more  quickly  than  smaller  seeds  (Knipe 
1970),  we  examined  germination  among  genotypes  regardless  of  seed  size. 

Since  S.  airoides  seeds  were  collected  in  two  different  years  (2006,  2007), 
differences  in  germination  or  root  growth  results  may  be  due  to  differences 
in  after-ripening  periods.  For  example,  the  2007  seed  source  year  should 
exhibit  greater  variability  in  cumulative  germination  than  the  2006  seed 
source  year  due  to  after-ripening  differences  between  source  years. 

Cumulative  and  daily  germination  results  and  cumulative  root  growth  re¬ 
sults  were  analyzed  for  each  seed  source  year  using  trend  analysis 
(MANOVA)  and  the  multivariate  procedure  hierarchical  cluster  analysis 
(Ward’s  linkage  and  squared  Euclidian  distances).  Very  similar  to  repeated 
measures  (time  measured  on  an  ordinal  scale),  time  is  measured  in  trend 
analysis  on  a  ratio  scale.  We  used  trend  analysis  instead  of  repeated  meas¬ 
ures  because  we  were  concerned  with  trends  in  germination  and  root 
growth  over  time.  Additionally,  determining  polynomial  effects  (trends 
tests)  are  not  possible  in  repeated  measures  which  provide  specific  infor¬ 
mation  about  each  dependent  variable  (explained  in  greater  detail  later  in 
this  chapter).  In  trend  analysis  there  are  normally  two  or  more  nominal 
level  independent  variables  and  only  one  dependent  variable.  In  this  the¬ 
sis,  the  independent  variable  was  either  position  (IN,  OUT)  or  competitor 
category  (strong,  moderate,  unlikely)  and  the  dependent  variable  was  time 
(sample  days).  The  position  by  time  (parallelism)  interaction  was  analyzed 
first.  If  significant,  each  level  of  the  independent  variable  (main  effects) 
was  analyzed  separately  and  then  trends  tests  (polynomial  levels)  were 
conducted  to  see  which  level  of  polynomial  (linear,  quadratic,  cubic,  etc.) 
best  fit  the  data.  If  the  interactions  were  not  significant,  then  time  (within) 
and  group  (between)  main  effects  are  discussed.  For  significant  interac¬ 
tions,  Bonferonni  post  hoc  procedures  were  used  to  determine  differences 
between  IN  and  OUT  positions  within  sample  days.  In  instances  where 
trend  analysis  gave  P  values  that  were  approaching  our  alpha,  univariate 
(ANOVA)  F  statistics  and  P  values  were  used  instead  (SPSS  output  yields 
output  for  both  MANOVA  and  ANOVA  procedures). 

Cluster  analysis  of  cases  contains  no  “a-priori”  information  in  regards  to 
the  position  (IN,  OUT)  or  the  competitive  categories  (strong,  moderate, 
unlikely)  generated  by  the  BSP.  Cluster  analysis  was  used  to  cluster  S.  air¬ 
oides  genotypes  (cases)  based  on  the  germination  data.  To  reduce  the  sub¬ 
jectivity  inherent  in  cluster  analysis,  we  conducted  normal  cluster  analys- 
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es,  and  then  conducted  discriminant  analyses  using  the  clustered  variables 
as  grouping  variables  and  sample  days  as  the  independent  variables.  Dis¬ 
criminant  analyses  yields  structure  loadings  and  centroids  which  result  in 
more  objective  interpretation  of  the  clusters. 

Daily  germination  and  root  growth  results  were  analyzed  for  each  seed 
source  year  with  trend  analysis  (MANOVA)  using  Statistical  Package  for 
the  Social  Sciences  (SPSS)  (version  15).  Very  similar  to  repeated  measures 
(ANOVA;  time  measured  on  an  ordinal  scale),  time  is  measured  in  trend 
analysis  on  a  ratio  scale.  Trend  analysis  was  used  instead  of  repeated 
measures  because  the  study  had  focused  on  trends  in  germination  and 
root  growth  over  time.  Additionally,  determining  polynomial  effects 
(trends  tests)  are  not  possible  in  repeated  measures  that  provide  specific 
information  about  each  dependent  variable.  In  trend  analysis,  there  are 
normally  two  or  more  nominal  level  independent  variables  and  only  one 
dependent  variable.  In  this  analysis,  the  independent  variable  was  position 
(IN,  OUT)  and  the  dependent  variable  was  time  (sample  days).  The  posi¬ 
tion  by  time  (parallelism)  interaction  was  analyzed  first.  If  significant, 
each  level  of  the  independent  variable  (main  effects)  was  analyzed  sepa¬ 
rately  and  then  trends  tests  (polynomial  levels)  were  conducted  to  see 
which  level  of  polynomial  (linear,  quadratic,  cubic,  etc.)  best  fit  the  data.  If 
the  interactions  were  not  significant,  then  time  (within)  and  group  (be¬ 
tween)  main  effects  are  discussed.  For  significant  interactions,  Bonferonni 
post  hoc  procedures  were  used  to  determine  differences  between  IN  and 
OUT  positions  within  sample  days.  In  instances  where  trend  analysis  gave 
P  values  that  were  approaching  this  study’s  alpha,  univariate  (ANOVA)  F 
statistics  and  P  values  were  used  instead  (SPSS  output  yields  output  for 
both  MANOVA  and  ANOVA  procedures). 

3.7  Environmental  Simulation  Laboratory  (ESL)  testing 

3.7.1  Experimental  design  -  environmental  simulation  laboratory 

We  used  the  Environmental  Simulation  Laboratory  (ESL)  at  the  University 
of  Wyoming  to  directly  test  competition  between  S.  airoides  and  R.  rez 
pens.  The  ESL  was  divided  into  two  adjacent  pits  that  are  7.3  m  x  2.9  m  x 
2.3  m  (length  x  width  x  depth)  (Figure  2).  Total  potential  maximum  vo¬ 
lume  of  substrate  for  both  pits  is  48.7  m3  (we  filled  the  ESL  to  a  depth  of 
2.14  m,  45.3  m3).  Two  layers  of  substrate  were  used  to  fill  the  ESL,  a  bot¬ 
tom  layer  of  washed  masonry  sand  and  a  top  soil  layer  (sandy  clay  loam). 
The  bulk  density  of  the  top  soil  was  3.3  g/cm3  and  the  washed  masonry 


ERDC/CERL  TR-11-28 


32 


sand  was  1.8  g/cm3.  A  geotextile  layer  was  installed  on  top  of  the  sand  to 
prior  to  adding  top  soil.  Minirhizotron  observation  tubes  were  placed  hori¬ 
zontally  (slope  of  3.5%)  across  the  length  of  each  plot  in  the  sand  layer  ap¬ 
proximately  1.1  m  from  the  bottom  of  each  pit.  These  were  designed  to 
view  plant  roots  that  might  penetrate  the  geotextile,  but  no  plant  roots 
reached  the  tubes  during  the  9-month  study.  Twelve  Time  Domain  Reflec- 
tometry  (TDR)  probes  were  installed  in  the  topsoil,  yet  were  not  used  in 
the  study. 

The  ESL  allowed  control  of  temperature,  humidity,  precipitation,  and  light 
regimes.  Temperatures  were  maintained  at  27  °C  during  9  hours  of  light 
and  16  °C  during  darkness.  Daily  precipitation  averaged  3cm  depth  for  a 
10  minute  period  using  a  ground  sprinkler  system.  The  relative  humidity 
was  kept  near  20  %,  yet  varied  slightly  throughout  the  day  as  temperatures 
and  moisture  fluctuated.  Light  regimes  were  achieved  using  1000  watt 
metal  halide  lamps  during  the  entire  experiment.  Light  regimes  were 
achieved  using  1000  watt  metal  halide  lamps  during  the  entire  experi¬ 
ment.  On  15  April  2010,  new  1000  watt  metal  halide  light  bulbs  were  in¬ 
stalled  to  increase  light  intensity  as  the  experiment  progressed.  Irradiation 
levels  at  15  cm  above  the  soil  surface  for  9  hours  a  day  were  194  pmol 
nr2s_1  from  January  to  April  and  308  pmol '  nr2s_1  from  April  to  September. 

On  11  and  12  January  2010,  clones  of  S.  airoides  from  the  original  collec¬ 
tions  of  invaded  and  non-invaded  populations  from  Mealor  and  Hild 
(2006)  were  planted  into  the  ESL.  Clones  were  planted  in  a  matrix  of  five 
clones  per  0.45  m2plot  with  a  minimum  distance  of  0.5  m  between  plots 
and  sides  of  the  pit  (Figure  2).  Plots  of  invaded  and  non-invaded  trans¬ 
plant  clones  were  arranged  at  random  within  the  first  planted  pit  and  then 
placed  in  identical  positions  in  the  second  pit.  One  pit  was  randomly  se¬ 
lected  to  contain  the  invader  and  the  other  did  not  (Figure  2).  On  15  Janu¬ 
ary  2010,  54  R.  repens  plants  were  planted  into  one  randomly  selected  pit. 
Two  R.  repens  were  planted  on  all  sides  of  all  grass  plots.  Rhaponticum 
repens  plants  were  started  from  8-10  cm  long  root  cuttings  and  were 
4  months  old  when  planted  into  the  ESL.  On  25  August  2010,  four  seed 
bags  containing  100  seedlings  of  each  lineage  were  planted  into  plots.  Seed 
bags  contained  100  S.  airoides  seedlings.  On  14  July  2010,  S.  airoides 
seeds  were  directly  planted  into  soil  within  an  11  by  12  cm  grid  located 
within  each  clone  matrix  to  document  establishment.  Seed  bags  were  col¬ 
lected  at  timed  intervals  (every  2  days)  to  estimate  seed  germination. 
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Mobile  Suspended  Walkway  North 


Figure  2.  Layout  of  controlled  experiment  to  test  lineages  of  Sporobo/us  airoides  with  and 
without  competition  from  Rhaponticum  repens.  Experiment  was  conducted  in  University  of 
Wyoming  Environmental  Simulation  Laboratory.  Plots  containing  five  identical  clones  of  each 
invaded  and  non-invaded  lineages  were  randomly  placed  into  both  weed  treatments. 
Experimental  design  was  a  split  plot  arrangement.  Plants  represent  R.  repens  planted  around 
S.  airoides  plots  for  one  pit.  Depth  is  2.14  m/pit.  N  =  non-invaded,  I  =  invaded,  Lines  1-5  = 
lineages.  Identical  lines  were  planted  in  the  two  sides  of  the  ESL,  i.e.,  IL3  is  genetically 

identical  in  both  weed  treatments. 
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Seed  bags  were  collected  on  8, 10, 12,  and  14  September  2010, 10  days  af¬ 
ter  planting.  Seeds  used  for  germination  and  establishment  were  collected 
from  the  same  mature  maternal  lineages  as  transplant  clones.  Seed  and 
seed  bags  were  placed  later  in  the  study  to  allow  R.  repens  to  mature  and 
provide  a  competitive  environment  for  seedling  tests. 

Monitoring  occurred  once  every  4  weeks  starting  initially  on  15  January 
and  ending  on  5  May  20io.Transplanted  clones  were  measured  every 
2  weeks  until  8  September  2010  resulting  in  a  total  of  14  sampling  dates. 
Above-ground  vegetative  production  was  measured  on  clones  using  long¬ 
est  leaf  (cm),  number  of  tillers,  basal  circumference  (cm),  and  number  of 
inflorescences  produced.  The  number  of  established  seedlings  and  number 
of  invasive  species  within  each  plot  were  counted  on  each  sampling  date. 
Rhaponticum  repens  transplants  were  monitored  for  number  of  leaves 
and  stems  on  each  date. 

3.7.2  Experimental  analysis  —  environmental  simulation  laboratory 

The  ESL  experiment  was  analyzed  as  a  split  plot  in  time  arrangement  of 
completely  randomized  block  design  (CRBD)  using  R.  repens  presence  (+,- 
)  as  the  main  plot  treatment  (randomly  assigned  to  one  pit)  and  invasion 
history  of  S.  airoides  lineages  as  sub-plot  treatments  assigned  within  each 
main  plot  (Figure  2).  Germination  was  analyzed  as  cumulative  values  over 
four  dates  where  F-tests  were  significant  at  0.05.  Mean  separation  was 
conducted  using  the  LSD  mean  separation  test  at  the  a  =  0.05  level.  As 
with  the  field  experiments,  statistical  analysis  was  completed  using  JMP, 
Version  7.  SAS  Institute  Inc.,  Cary,  NC,  1989-2007. 
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4  Field  Plantings  and  Evaluations 

4.1  Experimental  design  -  long  term  exposure 

4.1.1  Collection  of  plant  materials  —  long  term  exposure 

To  assess  the  effect  of  long-term  exposure  to  R.  repens  on  native  popula¬ 
tions,  two  native  grass  species  from  two  communities  of  origin  (R.  repens 
dominated  community  and  native,  non-invaded  rangeland)  were  sampled 
at  three  different  locations.  Sporobolus  airoides  was  collected  near  Grey- 
bull  and  Laramie,  WY  and  Naturita,  CO,  and  H.  comata  was  collected  near 
Riverton  and  Laramie,  WY  and  Mud  Lake,  ID  at  the  same  time  that  plant 
materials  were  collected  for  the  molecular  studies  presented  in  Mealor  and 
Hild  (Mealor  and  Hild  2006)  (Figure  1).  All  locations  were  estimated  to 
have  contained  R.  repens  infestations  for  more  than  30  years,  possibly  up 
to  80  years  (Mealor  and  Hild  2006).  The  two  native  grass  species,  S.  air¬ 
oides  and  H.  comata,  were  selected  based  on  their  presence  and  apparent 
resistance  to  R.  repens  in  old  R.  repens  invasions  (Mealor  et  al.  2004). 

Collecting  native  grasses  included  random  sampling  within  each  commu¬ 
nity  (invaded,  non-invaded)  at  each  location.  Collections  were  separated 
by  more  than  1  m  to  reduce  chance  re-sampling  of  individuals.  Invaded 
and  non-invaded  communities  were  less  than  20  m  apart  at  each  location. 
Ten  large  genets  (approximately  25  cm  diameter)  of  each  native  grass  spe¬ 
cies  were  excavated  from  each  collection  location  and  transported  to 
greenhouse  facilities  at  the  University  of  Wyoming  in  Laramie,  WY. 

Each  grass  genet  was  divided  into  multiple  clones  and  transplanted  into 
pots  in  the  greenhouse.  Individual  ramet  groups  to  be  used  as  transplants 
were  maintained  under  greenhouse  conditions  with  drip  irrigation  and 
supplemental  lighting  until  2  weeks  before  field  planting  (~io  mo).  The 
prolonged  hold-over  time  in  the  greenhouse  was  used  in  hope  of  decreas¬ 
ing  maternal  effects  on  the  performance  of  the  transplants,  but  the  poten¬ 
tial  impacts  of  maternal  effects  cannot  be  completely  ruled  out.  Ramet 
groups  were  then  moved  out  of  the  greenhouses  into  a  sheltered  area  for  a 
2-week  hardening-off  period  before  field  planting. 

4.1.2  Site  description  and  field  installation  -  long  term  exposure 

Fifty  genets  of  the  two  native  grass  species  were  obtained  from  communi¬ 
ties  long-invaded  (25-70  years)  by  R.  repens  and  from  adjacent,  non- 
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invaded  areas.  Collections  for  this  experiment  were  obtained  from  popula¬ 
tions  previously  analyzed  using  AFLPs,  which  suggested  evidence  of  diver¬ 
gent  selection  between  communities  invaded  and  free  of  R.  repens  (Mealor 
and  Hild  2006). 

Five  transplants  of  each  genet  were  planted  into  two  R.  repens  infestations 
(Laramie  and  Fort  Steele,  WY)  to  document  their  growth  and  survival.  The 
common  characteristic  shared  by  the  study  sites  was  the  presence  of  large 
infestations  of  R.  repens.  The  Laramie  study  site  (41.310  N,  105.66°  W)  is 
situated  at  2215  m  and  receives  an  average  of  284  mm  of  precipitation  an¬ 
nually,  whereas  the  Fort  Steele  site  (41.77°  N,  106.93°  W)  lies  at  1978  m 
and  averages  247  mm  of  precipitation  annually.  There  was  an  abundance 
of  standing  dead  and  fallen  R.  repens  litter  at  the  Laramie  site 
(~gooo  kg-ha1),  but  the  Fort  Steele  site  had  no  R.  repens  litter  accumula¬ 
tion  (potentially  because  of  herbivory).  The  upland  Laramie  transplant  site 
originally  contained  H.  comata,  and  may  be  more  environmentally  suited 
to  the  cool-season  R.  repens.  The  Fort  Steele  site  is  at  lower  elevation  than 
the  Laramie  site  and  is  characterized  by  a  different  set  of  plant  species,  in¬ 
cluding  S.  airoides.  To  facilitate  planting  of  native  grasses,  standing  dead 
biomass  was  mowed  and  nearly  all  R.  repens  litter  was  raked  from  the 
planting  plots  at  the  Laramie  site  before  beginning  the  experiment.  Rha- 
ponticum  repens  live  stem  density  was  less  at  the  Fort  Steele  site  (24.8  ± 
0.50  stems  per  m2)  than  at  Laramie  (34.7  ±  0.79  stems-per  m2). 

In  May  (Laramie)  and  June  (Fort  Steele),  transplants  of  each  grass  geno¬ 
type  were  placed  into  the  two  sites  in  the  following  manner.  At  each  site, 
five  experimental  planting  grids  were  created  within  the  R.  repens  inva¬ 
sion.  Within  each  grid,  90  holes  were  dug  for  transplanting  including  extra 
holes  around  the  grid  perimeter  to  limit  boundary  effects  on  transplants. 
Perimeter  holes  were  refilled  after  digging.  One  of  five  transplants  of  each 
grass  (H.  comata  or  S.  airoides )  representing  each  community  of  origin 
(invaded,  non-invaded)  and  collection  location  (Laramie,  Greybull,  Natu- 
rita,  Mud  Lake,  Riverton;  community  x  location  x  individual  combina¬ 
tion  =  genotype)  were  randomly  assigned  to  one  of  five  grids.  Within  each 
grid,  transplants  were  separated  by  50  cm.  Each  grid  contained  all  geno¬ 
types  (10  H.  comata  invaded,  10  H.  comata  non-invaded,  15  S.  airoides 
invaded,  15  S.  airoides  non-invaded),  resulting  in  250  transplants  at  each 
site  (50  transplants  in  each  grid  x  5  grids  per  site).  Transplants  were  wa¬ 
tered  after  installation  and  weekly  for  the  first  month;  they  received  only 
natural  precipitation  for  the  remainder  of  the  experiment. 
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Transplanted  grasses  were  monitored  every  2  weeks  during  the  growing 
season,  and  measured  height  (length  of  longest  leaf),  two  measures  of  bas¬ 
al  diameter,  number  of  green  tillers  and  survival.  The  two  measures  of 
basal  diameter  were  used  to  calculate  bunchgrass  basal  area.  Monitoring 
continued  for  two  growing  seasons.  At  the  onset  of  the  experiment,  trans¬ 
plants  were  variable  in  size.  Grass  growth  was  calculated  as  change  relative 
to  initial  size,  as  has  been  used  previously  for  bunchgrass  transplant  stu¬ 
dies  (Smith  1998,  Callaway  et  al.  2005,  Page  and  Bork  2005).  Seeds  were 
also  collected  from  any  transplants  that  produced  seeds. 

4.2  Experimental  design  —  resistance  and  resilience 

4.2.1  Collection  of  plant  materials  —  resistance  and  resilience 

To  assess  the  effect  of  exposure  to  R.  repens  on  resistance  and  resilience  of 
native  grass  populations,  S.  airoides  from  two  Russain  knapweed  com¬ 
munities  of  origin  ( R .  repens  dominated  community  and  native,  non- 
invaded  rangeland)  were  sampled  at  three  different  and  previously  identi¬ 
fied  locations  (Mealor  and  Hild  2006,  Figure  1).  All  locations  were  esti¬ 
mated  to  have  contained  R.  repens  infestations  for  more  than  30  years, 
possibly  up  to  80  years  (Mealor  and  Hild  2006).  Sporobolus  airoides  was 
selected  based  on  its  presence  and  apparent  resistance  to  R.  repens  in  old 
R.  repens  invasions  (Mealor  et  al.  2004),  and  on  the  species  response  to 
NIPS  exposure  (Mealor  and  Hild  2007,  Ferrano-Serrano  et  al.  2008).  We 
use  two  distinct  communities  of  origin,  invaded  plants  formerly  grown  in 
invasions  for  25-70  years,  and  non-invaded,  lacking  a  history  of  competi¬ 
tion  with  invasives.  We  transplanted  both  lineage  histories  into  invaded 
field  sites  dominated  by  R.  repens  and  C.  arvense.  In  addition  to  the  two 
field  sites,  for  comparison  we  also  and  a  controlled  environment,  (the  Uni¬ 
versity  of  Wyoming  Environmental  Simulation  Lab,  (ESL)).  In  the  ESL  we 
transplanted  both  lineages  into  plots  with  and  without  R.  repens. 

4.2.2  Site  description  and  field  installation  —  resistance  and  resilience 

Field  sites  were  established  near  Crowheart,  WY  and  Cheyenne,  WY.  The 
Crowheart,  WY  site  is  located  adjacent  to  the  Wind  River  in  a  cottonwood 
gallery  forest  system  that  contains  a  large  dense  (18  stems/m2)  stand  of  R. 
repens.  Soil  at  the  site  is  sandy  loam,  pH  of  8.5,  and  an  electrical  conduc¬ 
tivity  of  1.98  DS/M.  The  site  lies  at  an  elevation  of  1709  m  and  receives  on 
average  235  mm  of  precipitation  annually  (NCDC  2010).  The  Cheyenne, 
WY  study  site  is  located  in  the  north  east  corner  of  FEWAFB  between  the 
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North  and  South  Pearson  Lakes  within  a  dense  (61  stems/m2)  stand  of  C. 
arvense.  Soil  texture  is  clay,  pH  of  8.1,  and  electrical  conductivity  of  1.14 
DS/M.  Annual  precipitation  is  394  mm  and  the  site  lies  at  an  elevation  of 
1888  m  (NCDC  2010). 

Invaded  and  non-invaded  sub-populations  of  S.  airoides  were  collected 
from  three  field  sites,  Laramie  and  Greybull,  WY  and  Naturita,  CO  (Mealor 
and  Hild  2006,  Figure  1).  Populations  were  marked  with  location  of  exca¬ 
vation  and  placed  in  separate  greenhouses  to  prevent  cross-pollination  be¬ 
tween  populations  (invaded  greenhouse  and  non-invaded  greenhouse). 
Forty  experimental  plots  (67  cm  x  67  cm)  were  established  at  each  field 
site.  Ten  invaded  and  ten  non-invaded  maternal  lineages  were  randomly 
assigned  to  twenty  of  the  experimental  plots.  Into  each  of  the  20  plots 
were  transplanted  five  identical  grass  clones  arranged  in  a  matrix  forma¬ 
tion.  Transplants  were  installed  on  8  November  2008  at  Crowheart  and  1 
May  2009  at  FEWAFB.  Individual  lineages  were  used  from  all  three  collec¬ 
tion  sites  (3  Laramie,  WY,  7  Greybull,  WY,  and  10  Naturita,  CO).  Four  seed 
bags  (100  seeds  per  bag)  and  one  direct  seeded  establishment  grid  (100 
seeds  planted  into  soil)  were  also  included  in  the  experimental  plots 
(Figure  3).  Seeds  for  the  seed  bags  and  the  establishment  grids  were  col¬ 
lected  from  the  same  lineage  as  the  transplants  in  each  plot.  Soil  in  each 
plot  was  removed  15  to  24  cm  deep  (depending  on  top  soil  depth),  placed 
on  a  large  screen  and  sifted  over  a  tarp  to  remove  all  R.  repens  and  C.  ar¬ 
vense  tap  roots  and  other  large  root  and  woody  material.  The  soil  was  re¬ 
turned  to  each  grid  after  sifting.  Soils  were  sifted  to  give  the  transplanted 
grasses  an  opportunity  to  establish  before  encountering  direct  competition 
from  R.  repens  and  C.  arvense.  Although  the  soil  was  sifted,  R.  repens  and 
C.  arvense  tap  roots  still  remained  intact  below  the  removed  soil  depth. 
The  additional  20  plots  at  each  site  consisted  of  10  undisturbed  “refer¬ 
ence”  plots  and  10  disturbed,  but  unplanted  plots.  Plots  were  separated  by 
at  least  0.5  m.  Fences  were  constructed  around  all  plots  to  prevent  herbi- 
vory  from  wildlife  (Figure  4).  Undisturbed  plots  were  mixed  with  the  in¬ 
vaded  and  non-invaded  plots.  Disturbed  plots  were  located  nearby  (within 
3  m)  in  an  area  with  comparable  density  of  R.  repens  (18  stems/  1.0  m2; 
Figure  4).  Several  plots  at  Crowheart  were  disturbed  by  small  burrowing 
rodents  despite  the  fences.  Undisturbed  plots  were  mixed  with  the  invaded 
and  non-invaded  plots.  Disturbed  plots  were  located  nearby  (within  3  m) 
in  an  area  with  comparable  density  of  R.  repens  (18  stems/  1.0  m2;  Figure 
4). 
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Figure  3.  Position  of  individual  grass  of  Sporobo/us  airoides clones,  seed  bags,  and  seedling 
grid  in  plots.  Each  plot  contains  five  transplanted  clones,  four  seed  bags,  and  a  seedling 

establishment  matrix. 
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Figure  4.  Field  plot  layout  at  study  site  near  Crowheart,  WY  with  20  transplant  grids,  10 
undisturbed  plots  and  10  disturbed  plots  spaced  a  minimum  of  0.5  m.  Entire  area  is 
contained  within  invasion.  Separate  fence  for  disturbance  plots  were  made  due  to  lack  of 
similar  invasion  area  within  main  fence.  Disturbance  and  main  areas  are  equal  density 
invasion  of  Rhaponticum  repens.  The  same  layout  is  also  installed  at  FEWAFB,  WY  in  an 
invasion  of  Cirsium  arvense.  D  =  disturbed,  U  =  undisturbed,  I  =  invaded,  and  N  =  non- 

invaded. 
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4.3  Experimental  analysis  -  long  term  exposure 

4.3.1  Tiller  production  —  genets 

Tiller  production  was  calculated  by  dividing  the  maximum  number  of 
green  tillers  by  the  number  of  green  tillers  at  the  initiation  of  the  experi¬ 
ment.  Basal  area  changes  were  calculated  as  the  final  basal  area  divided  by 
initial  basal  area.  Tiller  production  and  change  in  basal  area  were  calcu¬ 
lated  for  surviving  ramets  only.  Percent  survival  of  a  genotype  was  ex¬ 
pressed  as  the  proportion  of  cloned  transplants  surviving  throughout  the 
experiment  (number  of  transplants  surviving  /  number  of  transplants  es¬ 
tablished  for  each  genotype).  Individual  transplants  were  considered  es¬ 
tablished  if  they  were  alive  l  week  following  planting.  A  performance  value 
was  calculated  for  each  genotype  as  the  product  of  maximum  tiller  produc¬ 
tion,  change  in  basal  area,  and  survival.  Similar  measures  combining  sur¬ 
vival  and  growth  have  been  used  to  assess  performance  in  other  work 
(Blair  and  Wolfe  2004).  The  integration  of  survival  in  this  calculation 
weights  each  genotype  for  survival.  For  example,  a  genet  with  no  trans¬ 
plants  surviving  the  duration  of  the  experiment  would  have  an  overall  per¬ 
formance  of  zero,  regardless  of  how  great  its  tiller  production  or  basal  area 
change. 

4.3.2  Genotype  and  community  of  origin  assessment 

To  screen  genotypes  for  differential  performance  within  a  knapweed  inva¬ 
sion,  ANOVA  was  used  with  field  site  and  genotype  as  treatments  and  the 
five  clonal  transplants  of  each  genotype  as  replicates.  In  genotype-level 
analyses,  dead  individuals  were  included  as  zero  values.  All  statistical  ana¬ 
lyses  were  conducted  using  SAS.  Significance  for  all  analyses  was  declared 
at  a  =  0.05  level  and  mean  separation  was  accomplished  using  least  signif¬ 
icant  difference  (LSD)  with  error  terms  appropriate  to  each  comparison. 
Data  were  assessed  and  conformed  to  assumptions  of  normality. 

Native  grass  growth  data  (tiller  production,  change  in  basal  diameter,  sur¬ 
vival,  and  performance)  were  analyzed  using  ANOVA  to  partition  sources 
of  variation  due  to  field  site,  community  of  origin,  and  collection  location 
with  each  factor  considered  fixed.  Each  grass  species  was  analyzed  sepa¬ 
rately.  Data  conformed  to  the  assumptions  of  ANOVA. 

To  compare  populations  from  invaded  to  non-invaded  communities,  data 
from  the  five  clonal  transplants  were  averaged  together  and  genotypes 
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served  as  replicates.  Transplants  from  non-in vaded  communities  were 
larger  than  those  from  invaded  communities  at  the  onset  of  the  experi¬ 
ment  (Mealor  2006).  To  account  for  this  initial  variation,  the  study  fo¬ 
cused  on  measures  of  proportional  change  in  size.  A  combined  measure  of 
plant  performance  was  also  calculated  as  (basal  area  change  x  tiller  pro¬ 
duction  x  %  survival)  for  each  genet.  Plant  performance,  survival,  and 
proportional  growth  (tiller  production  and  basal  area  change)  were  as¬ 
sessed  by  implementing  an  ANOVA  design  using  field  site,  location,  and 
community  of  origin  as  treatment  factors. 

4.4  Experimental  analysis  —  resistance  and  resilience 

4.4.1  Field  installations 

Sporobolus  airoides  clones  and  seedling  establishment  were  evaluated  on 
eight  dates  over  two  field  seasons  (11-12  June  2009,  9-10  July  2009,  6-7 
August  2009,  and  3-4  September  2009, 10-11  June  2010,  8-9  July  2010,  5- 
6  August  2010,  and  2-3  September  2010).  Clones  were  measured  for  long¬ 
est  leaf  (cm),  number  of  tillers,  basal  circumference  (cm),  and  number  of 
inflorescences  produced.  Established  seedling  (number)  and  encroach¬ 
ment  of  invasive  species  within  each  plot  (67  cm  X67  cm)  were  counted  on 
each  date.  Seed  bags  for  germination  were  collected  on  four  dates  in  the 
spring  of  2009  (9, 11, 13, 15  June  at  Crowheart  and  7,  9, 11, 13  June  at 
FEWAFB).  Seed  bags  were  collected  every  2  days  after  initial  germination 
was  observed  in  test  seed  bags  (test  bags  not  measured  for  analysis). 

The  field  experiments  were  analyzed  as  a  completely  randomized  design 
(CRD)  with  analysis  of  variance  (ANOVA)  for  each  site  individually.  Field 
sites  were  analyzed  separately  because  they  differed  in  the  dominant  inva¬ 
sive  species.  Datasets  (cumulative  germination,  growth  of  clones,  and 
seedling  establishment)  were  analyzed  as  a  two  factor  factorial  treatment 
using  position  and  date  (Figures  3  and  4).  Germination  (%)  was  analyzed 
using  cumulative  values  over  the  four  sampling  dates.  Where  F-tests  were 
significant  at  the  a  =  0.05  level,  mean  separation  was  conducted  using 
LSD  at  the  a  =  0.05  level.  Statistical  analysis  was  completed  using  JMP, 
Version  7.  SAS  Institute  Inc.,  Cary,  NC,  1989-2007. 
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5  Biological  Screening  Process 

Developing  and  constructing  a  Biological  Screening  Process  (BSP)  to  assist 
in  the  identification  and  selection  of  promising  genotypes  began  with  a 
pool  of  50  maternal  lineages,  most  of  which  had  been  used  in  previous  ex¬ 
periments.  Prior  experiments  examined:  (1)  competition  of  S.  airoides 
against  C.  arvense  in  greenhouse  plantings  (measured  as  above-  and  be¬ 
low-ground  growth  (Ferrero-Serrano  et  al.  2006,  Ferrero-Serrano  et  al. 
2008)),  (2)  competition  of  S.  airoides  combined  with  a  stem  mining  weevil 
against  C.  arvense  in  greenhouse  plantings  (Ferrero-Serrano  et  al.  2006, 
Ferrero-Serrano  et  al.  2008),  (3)  competition  of  S.  airoides  and  R.  repens 
in  field  and  greenhouse  plantings  (Mealor  and  Hild  2007),  and  (4)  unpub¬ 
lished  fecundity  data  on  seeds  collected  from  maternal  and  first  generation 
S.  airoides  plants.  Additionally,  experiments  used  in  the  BSP  analyzed  be¬ 
tween  17  and  48  S.  airoides  maternal  lineages  (the  number  varied  for  each 
experiment).  An  initial  ranking  scale  of  1  to  20  was  used  to  determine  and 
place  S.  airoides  maternal  lineages  within  a  successful  or  unsuccessful  cat¬ 
egory.  Each  maternal  lineage  received  a  rank  number  ranging  from  1  to  20 
for  each  experiment.  The  top  10  maternal  lineages  were  designated  suc¬ 
cessful  and  remaining  maternal  lineages  were  designated  unsuccessful.  In 
experiments  that  assessed  fewer,  or  more  than  20  maternal  lineages, 
weighted  values  were  calculated  to  adjust  to  a  1  to  20  scale.  In  some  cases, 
particular  maternal  lineages  were  included  in  more  experiments  than  oth¬ 
er  maternal  lineages. 
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6  Results  and  Discussion 

6.1  Testing  of  native  grass  collections  for  genetic  traits 

6.1.1  Hesperostipa  comata  —  maternal  tissue 

Five  AFLP  primer  combinations  produced  454  loci  (84.6  percent  poly¬ 
morphic).  A  range  of  47  to  124  bands  were  observed  per  primer  pair  in  139 
individual  H.  comata  plants  (Table  3).  There  were  no  fragments  exclusive 
to  either  invaded  or  non-invaded  communities  at  any  of  the  three  loca¬ 
tions.  When  observed  Fst  values  were  compared  to  simulated  Fst  values 
for  polymorphic  loci  in  H.  comata  separately  for  each  location,  10  loci  (2.6 
percent)  fell  above  the  upper  95  percent  quantile  indicating  potential  lin¬ 
kage  to  genes  under  selection  (Table  4).  Number  of  SLloci  varied  by  loca¬ 
tion  and  by  primer  combination  (Table  4).  Nei’s  gene  diversity  (1973)  did 
not  differ  between  community  types  for  NSl,  Sl,  or  all  loci  combined. 

Twenty  four  loci  (6.3  percent)  exhibited  parallel  trends  in  divergence,  22 
among  NSl  and  2  among  SLloci.  The  proportions  of  greatest  band  pres¬ 
ence  in  the  invaded  community  were:  Laramie  (0.353),  Mud  Lake  (0.310), 
and  Riverton  (0.283)  (product  =  0.031).  The  proportions  of  greatest  band 
presence  in  the  non-invaded  communities  were  0.294,  0.308,  and  0.252 
(product  =  0.024),  respectively.  The  proportion  of  loci  expected  to  exhibit 
parallel  trends  in  divergence,  therefore  was  calculated  as  the  sum  of  the 
products  for  each  community  type  (0.030  +  0.024  =  0.054,  or  5.4  per¬ 
cent).  No  excess  of  parallel  trends  were  observed  in  NSl  loci  (X2  =  0.189, 
p  =  0.664)  whereas  Sl  loci  showed  a  significant  excess  of  parallel  trends  in 
divergence  (X2  =  4.20,  p  =  0.040  (Tables  5  and  6).  On  a  more  local  scale, 
the  study  tested  for  differences  in  genetic  distances  (Nei  1978)  between 
subpopulations  within  a  community  and  between  communities  at  each  lo¬ 
cation.  When  using  Sl  loci,  the  distance  between  communities  was  larger 
than  the  distance  within  communities  (p  =  0.090)  whereas  distance  within 
and  between  communities  did  not  differ  (p  =  0.260)  when  using  NSl  loci. 

6.1.2  Sporobolus  airoides  —  maternal  tissue 

AFLP  analysis  produced  553  loci  (92.6  percent  polymorphic)  in  162  indi¬ 
vidual  S.  airoides  plants.  The  number  of  bands  produced  per  primer  pair 
ranged  from  76  to  153  (Table  2).  When  observed  Fst  values  were  compared 
to  simulated  Fst  values  for  polymorphic  loci  in  S.  airoides  separately  for 


ERDC/CERL  TR-11-28 


45 


each  location,  45  loci  (8.7  percent)  fell  above  the  upper  95  percent  quantile 
indicating  selection.  The  proportion  of  Sl  loci  varied  by  location  and  by 
primer  pair.  Community  gene  diversity  (Nei  1973)  did  not  differ  between 
Sl  loci,  NSl  loci,  or  all  loci  combined  (Table  4). 

Forty  eight  loci  (9.4  percent)  exhibited  parallel  trends  in  divergence,  42 
among  NSl  and  six  among  SlIocl  At  Greybull,  Laramie,  and  Naturita,  the 
proportions  of  greatest  band  presence  in  the  invaded  community  were 
0.372,  0.359,  and  0.353  (product  =  0.047).  The  proportions  of  greatest 
band  presence  in  the  non-invaded  communities  were  0.320,  0.329,  and 
0.269  (product  =  0.027).  The  proportion  of  loci  expected  to  exhibit  paral¬ 
lel  trends  in  divergence,  therefore  was  calculated  as  the  sum  of  the  prod¬ 
ucts  for  each  community  type  (0.047  +  0.027  =  0.074,  or  7-4  percent).  No 
excess  of  parallel  trends  were  observed  in  NSl  loci  (X2  =  1.67,  p  =  0.196)  or 
in  Sl  loci  (X2  =  2.25,  p  =  0.133)  although  there  were  nearly  twice  more 
than  expected  in  Sl  loci  (Tables  5  and  6). 

Differences  in  genetic  distances  (Nei  1978)  between  subpopulations  within 
a  community  and  between  communities  at  each  location  were  similar  to  H. 
comata.  That  is,  when  using  Sl  loci,  the  distance  between  communities 
was  larger  than  the  distance  within  communities  (p  =  0.077)  whereas 
there  was  no  difference  (p  =  0.625)  when  using  NSl  loci  suggesting  greater 
differentiation  between  communities  than  within  a  community. 


Table  3.  Levels  of  polymorphism  of  scored  amplified  fragment  length 
polymporphism  (AFLP)  loci.  A  locus  was  considered  polymorphic  if  at  least  one 
individual  demonstrated  a  variant  pattern. 


Species 

Primer  Combination 

ACG.CAC 

ACG.CTA 

ACG.CTC 

ACGT.CTTC 

AGT.CTT 

Total 

Number  of  bands 

H.  comata 

Variable  bands 

41 

99 

55 

97 

92 

384 

Fixed  bands 

6 

3 

6 

23 

32 

70 

Total 

47 

102 

61 

120 

124 

454 

S.  airoides 

Variable  bands 

74 

120 

78 

107 

123 

512 

Fixed  bands 

2 

6 

6 

7 

20 

41 

Total 

76 

126 

84 

114 

153 

553 
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Table  4.  Loci  potentially  linked  to  genes  under  selection  (Sl)  in  two  native  grass  species 

at  three  locations. 


Species 

Primer  Combination 

Location 

Number  Sl 

ACG.CAC 

ACG.CTA 

ACG.CTC 

ACGT.CTTC 

AGT.CTT 

H.  comata 

Laramie 

4.0 

1.0 

0.0 

0.0 

3.0 

0.0 

Mud  Lake 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Riverton 

6.0 

0.0 

3.0 

2.0 

0.0 

1.0 

Mean 

3.0 

0.3 

1.0 

0.7 

1.0 

0.3 

S.  airoides 

Greybull 

4.0 

2.0 

3.0 

2.0 

0.0 

7.0 

Laramie 

11.0 

1.0 

3.0 

1.0 

2.0 

4.0 

Naturita 

21.0 

2.0 

5.0 

4.0 

6.0 

4.0 

Mean 

5.3 

1.7 

3.7 

2.3 

2.7 

5.0 

Table  5.  Genetic  diversity  statistics  from  AFLP  analysis  of  Hesperostipa  comata  and 
Sporobo/us  airoides  from  two  community  types  (invaded  by  Rhaponticum  repens  and  non- 
invaded).  Loci  examined  are  all  polymorphic  loci,  loci  not  linked  to  selection  (NSl),  and  loci 

potentially  linked  to  selection  (Sl). 


Location 

Community 

N1 

All 

NSl 

Sl 

h2 

h 

h 

H.  comata  (no.  loci  examined) 

(384) 

(374) 

(10) 

Mud  Lake,  ID 

IN3 

29 

0.120 

0.150 

0.266 

(ML) 

OUT 

28 

0.146 

0.176 

0.2.86 

Laramie,  WY 

IN 

13 

0.183 

0.218 

0.331 

(LA) 

OUT 

15 

0.162 

0.193 

0.304 

Riverton,  WY 

IN 

27 

0.145 

0.179 

0.278 

(RV) 

OUT 

27 

0.147 

0.182 

0.256 

Mean 

IN 

69 

0.149 

0.182 

0.292 

OUT 

70 

0.151 

0.184 

0.282 

S.  airoides  (no.  loci  examined) 

(512) 

(465) 

(45) 

Greybull,  WY 

IN 

26 

0.186 

0.204 

0.254 

(GB) 

OUT 

24 

0.183 

0.201 

0.252 

Laramie,  WY 

IN 

29 

0.184 

0.200 

0.244 

(LA) 

OUT 

26 

0.194 

0.212 

0.2722 

Naturita,  CO 

IN 

29 

0.172 

0.185 

0.257 

(NA) 

OUT 

28 

0.178 

0.190 

0.275 

Mean 

84 

0.181 

0.196 

0.252 

78 

0.185 

0.201 

0.266 

1  n  =  number  of  individuals  sampled 

2  h  =  Nei’s  gene  diversity  (Nei  1973) 

3  ‘in’  denotes  invaded  communities  “out”  denotes  adjacent,  non-invaded  communities. 
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Table  6.  Chi-square  analysis  of  parallel  trends  in  divergence  in  two  grasses.  Tests  compare 
observed  number  of  parallel  trends  to  the  number  expected  under  neutrality  for  NSl  and  Sl  in 
two  community  types:  invaded  by  Rhaponticum  repens,  non-invaded. 


Observed 

Expected 

X2-value 

P-value 

Hesperostipa  comata 

NSl 

Parallel  trend 

22 

20.1 

0.2 

No  parallel  trend 

352 

353.9 

0.01 

0.664 

Sl 

Parallel  trend 

2 

0.5 

4.0 

No  parallel  trend 

8 

9.5 

0.2 

0.040 

Sporobolus  airoides 

NSl 

Parallel  trend 

42 

34.7 

1.6 

No  parallel  trend 

423 

430.3 

0.1 

0.196 

Sl 

Parallel  trend 

6 

3.4 

2.1 

No  parallel  trend 

39 

41.6 

0.2 

0.133 

6.1.3  Maternal  plants  genetic  traits  discussion 

The  proportion  of  loci  designated  as  Sus  perhaps  smaller  than  one  would 
have  expected  from  self-fertilizing  plants.  However,  the  high  levels  of  po¬ 
lymorphism  observed  are  not  expected  for  principally  self-pollinating  spe¬ 
cies  (Ferdinandez  et  al.  2005).  This  study’s  reports  of  mating  systems  were 
based  on  a  historical  paper  (Fryxell  1957),  which,  together  with  other  re¬ 
search,  has  also  shown  a  discrepancy  (Ferdinandez  et  al.  2005).  Levels  of 
polymorphism  in  these  two  grasses  may  reflect  a  higher  level  of  outcross¬ 
ing  than  originally  suspected,  but  this  explanation  would  have  to  be  fur¬ 
ther  assessed. 

The  observed  patterns  of  parallel  divergence  of  Sl  and  NSl  loci  seem  to  be 
consistent  with  an  expectation  that  parallel  selection  is  occurring  on  Sl 
across  locations.  Overall,  few  loci  exhibited  parallel  trends  in  divergence 
for  either  grass  species.  This  study’s  observations  of  parallel  divergence  are 
comparable  to  observations  in  lake  whitefish  (Cor  eg  onus  clupeaformis), 
which  occur  in  two  distinct  morphotypes  (dwarf,  normal)  where  around  12 
percent  (Campbell  and  Bernatchez  2004)  of  polymorphic  loci  (8  and  10 
percent  were  observed  in  this  work)  showed  parallel  trends.  Despite  the 
many  differences  between  fish  and  perennial  grasses,  it  is  interesting  to 
note  the  similarity  of  the  observations.  The  grasses  used  in  this  work  have 
only  been  subject  to  altered  environmental  conditions  for  a  short  time,  but 
exhibit  nearly  as  many  parallel  trends  as  the  whitefish.  That  these  grasses 
may  be  capable  of  self-fertilization  might  contribute  to  the  rapidity  of  se¬ 
lection,  as  differentiation  is  highly  likely  in  taxa  with  high  levels  of  self- 
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fertilization  (Linhart  and  Grant  1996).  Currently,  there  are  no  easily  ob¬ 
servable  morphological  differences  between  these  grasses  in  the  different 
communities.  Because  some  are  present  in  knapweed  invasions  while  oth¬ 
ers  are  in  areas  free  of  knapweed,  there  may  be  physiological  differences 
that  allow  persistence  and  require  further  study. 

Note  that,  with  the  methodology  used,  outliers  are  expected  simply  by 
chance,  and  results  must  be  interpreted  with  caution.  Before  SL  loci  iden¬ 
tified  in  this  study  can  be  confidently  regarded  as  under  the  effect  of  direc¬ 
tional  selection,  concordant  results  from  an  independent  source  (e.g., 
Quantitative  Trait  Locus  [QTL]  mapping)  should  be  considered  (Campbell 
and  Bernatchez  2004). 

6.2  Results  of  testing  genetic  variation  of  invaded  and  non-invaded 
Sporobolus  airoides  populations  after  two  generations  of 
greenhouse  seed  increase 

Three  AFLP  primer  combinations  amplified  a  total  of  250  unique  frag¬ 
ments  (Table  7).  The  most  and  least  fragments  were  recorded  within  the 
OUT  population;  MONO  G2  at  188  fragments  and  BGV  Gi  with  147  frag¬ 
ments.  Within  the  IN  population,  more  fragments  were  recorded  for  the 
first  generation  than  the  second  generation  for  MONO  and  GB.  Within  the 
OUT  population,  more  fragments  were  recorded  for  the  second  generation 
than  the  first  for  BGV  and  MONO,  while  GB  was  opposite  this  trend. 

Most  genetic  variation  was  attributed  to  differences  among  individuals 
within  a  population  (95.0  percent;  Table  8)  or  location  (93.7  percent)  ra¬ 
ther  than  between  populations  (5.0  percent)  or  locations  (6.3  percent; 
AMOVA  Table  8).  Expected  heterozygosity  (He ),  total  loci,  and  percentage 
of  polymorphic  loci  (P)  for  successfully  genotyped  plants  of  invaded  (IN) 
and  non-invaded  (OUT)  Sporobolus  airoides  populations.  Individuals 
were  analyzed  separately  by  first  (Gi)  and  second  (G2)  generations  of  orig¬ 
inal  sampling  location  (BGV,  MONO,  GB).  Original  sampling  locations 
were:  Naturita,  CO  (BGV),  Laramie,  WY  (MONO)  and  Greybull,  WY  (GB). 
The  commercial  cultivar  was  obtained  from  Manderson,  WY. 

Within  a  location  (BGV,  MONO,  and  GB)  differences  between  IN  and  OUT 
populations  accounted  for  5.9  to  8  percent  of  the  genetic  variation.  Wright’s 
fixation  index  (Fst)  for  genetic  differentiation  was  0.08  for  BGV  and  GB  lo¬ 
cations  and  0.103  f°r  the  MONO  location.  Differences  between  generations 
(Gi  and  G2)  accounted  for  4.1  percent  of  the  genetic  variation  for  the  IN 
population  of  the  BGV  and  MONO  location. 
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Table  7.  Expected  heterozygosity  (He ),  total  loci,  and  percentage  of  polymorphic  loci  ( P )  for 
successfully  genotyped  plants  of  invaded  (IN)  and  non-invaded  (OUT)  Sporobolus  airoides 
populations.  Individuals  were  analyzed  separately  by  first  (Gl)  and  second  (G2)  generations 
of  original  sampling  location  (BGV,  MONO,  GB).  Original  sampling  locations  were:  Naturita,  CO 
(BGV),  Laramie,  WY  (MONO)  and  Greybull,  WY  (GB).  The  commercial  cultivar  was  obtained 

from  Manderson,  WY. 


Population 

Genotyped 
plants  (no.) 

Loci 

He 

Total 

P 

IN 

260 

183 

72.4 

0.219 

BGV  Gl 

48 

155 

62.0 

0.208 

BGVG2 

46 

155 

62.0 

0.205 

MONO  Gl 

22 

183 

73.2 

0.241 

MONO  G2 

26 

165 

66.0 

0.232 

GB  Gl 

62 

180 

72.0 

0.222 

GBG2 

56 

171 

68.4 

0.217 

OUT 

303 

188 

69.6 

0.198 

BGV  Gl 

63 

147 

58.8 

0.178 

BGVG2 

58 

151 

60.4 

0.186 

MONO  Gl 

35 

165 

66.0 

0.215 

MONO  G2 

32 

188 

75.2 

0.220 

GB  Gl 

63 

179 

71.6 

0.207 

GBG2 

52 

169 

67.6 

0.205 

Cultivar 

16 

174 

69.6 

0.239 

Generational  differences  in  the  OUT  population  for  BGV  and  MONO  loca¬ 
tions  were  considerably  smaller  (1  percent).  This  trend  was  opposite  for 
both  IN  and  OUT  populations  of  the  GB  location  (0.7  percent,  2.2  percent 
respectively).  Generational  genetic  differentiation  (Fst)  for  both  popula¬ 
tions  at  the  MONO  location  were  similar  even  though  the  OUT  population 
displayed  less  genetic  variation  between  generations  than  the  IN  popula¬ 
tion.  Analysis  of  1000  bootstraps  for  genetic  distance  revealed  a  strong  in¬ 
fluence  of  sampling  location,  even  after  two  generations  removed  from 
their  original  sampling  location  (Figure  5). 
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Table  8.  Analysis  of  molecular  variance  (AMOVA)  of  Sporobolus  airoides from  invaded  (IN) 
and  non-invaded  (OUT)  areas  of  exotic  invasion.  Populations  (IN,  OUT)  and  generations  (Gl, 
G2)  were  analyzed  by  maternal  locations  (BGV,  MONO,  GB).  Original  sampling  locations  were: 
Naturita,  CO  (BGV),  Laramie,  WY  (MONO)  and  Greybull,  WY  (GB). 


Group 

Source  of  Variance 

Variation  % 

Fst 

All  individuals 

IN,  OUT 

5.0 

0.050** 

All  individuals 

BGV,  MONO,  GB 

6.3 

0.063** 

BGV 

IN,  OUT 

5.9 

0.082** 

MONO 

IN,  OUT 

8.0 

0.103** 

GB 

IN,  OUT 

6.7 

0.080** 

BGV  IN 

Gl,  G2 

4.1 

0.041** 

BGV  OUT 

Gl,  G2 

1.0 

0.010* 

MONO  IN 

Gl,  G2 

4.1 

0.041** 

MONO  OUT 

Gl,  G2 

1.3 

0.032* 

GB  IN 

Gl,  G2 

0.7 

0.007* 

GBO  UT 

Gl,  G2 

2.2 

0.022** 

Variation  %  is  the  proportion  of  variation  between  sub-groups  for  a  specific  row;  Fst  is  the  proportion 
of  total  genetic  variance  found  in  the  subgroups  relative  to  the  total  genetic  variance. 

*  p  <value  <  0.05 
**  p  <value  <  0.001 

Figure  5.  Dendogram  based  on  Reynold’s  genetic  distances,  constructed  for  invaded  (IN)  and 
non-invaded  (OUT)  Sporobolus  airoides  populations  by  maternal  location  (BGV,  MONO,  GB). 
The  S.  airoides cultivar  obtained  from  Manderson,  WY,  and  maternal  locations  are;  Naturita, 
CO  (BGV),  Laramie,  WY  (MONO)  and  Greybull,  WY  (GB).  Support  values  for  each  node  are  out 

of  1000  bootstraps. 
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Populations  formed  three  distinct  groups  by  location.  A  common  node 
united  the  IN  and  OUT  populations  of  BGV,  both  IN  populations  from  GB 
and  MONO,  and  the  third  node  joins  GB  and  MONO  from  the  OUT  popu¬ 
lation  with  the  cultivar.  There  was  strong  support  (minimum  500  of  1000 
bootstraps)  for  all  five  nodes. 

Percent  polymorphism  was  higher  in  the  MONO  IN  population  (72  per¬ 
cent)  than  the  OUT  or  cultivar  populations  (both  70  percent;  Table  7). 
Analyzing  the  IN  population  by  generations  within  a  location,  MONO  Gi 
had  the  highest  (73  percent)  and  BGV  had  the  lowest  percent  polymor¬ 
phism  (62  percent  for  both  Gi  and  G2).  Examining  the  OUT  population  by 
generations  within  a  location,  MONO  G2  had  the  highest  percent  poly¬ 
morphism  (75  percent)  and  BGV  Gi  had  the  lowest  (59  percent). 

Expected  heterozygosity  (He)  was  highest  in  the  cultivar  (0.239)  and  low¬ 
est  in  the  OUT  population  (0.198;  Table  7).  The  highest  He  was  in  the  IN 
population,  MONO  Gi  at  0.241,  and  lowest  in  the  OUT  population,  BGV 
Gi  at  0.178.  Within  the  IN  population,  He  was  higher  in  the  first  generation 
(Gi)  than  the  second  generation  (G2)  for  MONO  and  GB  locations,  but  not 
for  BGV,  which  was  similar  for  both  generations.  This  trend  was  opposite 
in  the  OUT  population;  increased  He  was  exhibited  in  G2  compared  to  Gi 
for  all  locations,  except  for  GB,  which  was  similar  for  both  generations. 

Intra-population  genetic  diversity  (Hs)  for  populations  (IN,  OUT)  was 
0.211  and  0.209  f°r  locations  (BGV,  MONO,  and  GB;  Table  9).  Individuals 
from  MONO  had  the  highest  Hs  (0.222)  and  individuals  from  BGV  had  the 
lowest  Hs  (0.192)  for  populations  (IN,  OUT).  Generational  Hs  was  highest 
for  the  IN  population  of  the  MONO  location  (0.237)  and  lowest  for  the 
OUT  population  of  the  BGV  location  (0.182). 

Total  genetic  diversity  (Ht)  for  all  individuals  of  both  populations  was 
0.216  and  0.217  for  all  locations  (Table  9).  Analyzing  locations  separately, 
Ht  for  all  populations  ranged  from  0.201  for  BGV  to  0.234  for  MONO.  Ge¬ 
nerational  Ht  in  the  IN  population  of  the  MONO  location  was  highest 
(0.241)  and  lowest  for  OUT  population  of  the  BGV  location  (0.183). 

Genetic  differentiation  (Gst)  was  highest  among  locations  (3.8  percent) 
and  lowest  between  populations  (2.4  percent;  Table  9).  Higher  levels  of 
genetic  differentiation  between  populations  were  found  in  the  location 
MONO  (4.9  percent)  than  in  the  locations  of  BGV  (4.5  percent)  and  GB 
(4.0  percent).  Generational  genetic  differentiation  was  low  for  both  popu¬ 
lations  within  all  locations  (0.4  to  1.9  percent). 
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Table  9.  Measures  of  genetic  variation  for  comparing  sources  of  variation  in  the  first  (Gl)  and 
second  (G2)  generations  of  invaded  (IN)  and  non-invaded  (OUT)  Sporobolus  airoides 
populations.  Individuals  were  analyzed  as  an  entire  group,  by  populations  within  a  location, 
and  then  generations  of  a  population  for  a  location.  The  cultivar  was  obtained  from 
Manderson,  WY  and  maternal  collection  locations  were:  Naturita,  CO  (BGV),  Laramie,  WY 

(MONO)  and  Greybull,  WY  (GB). 


Group 

Source  of  Variance 

Hs 

Ht 

Gst 

All  individuals 

IN,  OUT,  Cultivar 

0.219 

0.225 

0.030** 

All  individuals 

IN,  OUT 

0.211 

0.216 

0.024** 

All  individuals 

BGV,  MONO,  GB 

0.209 

0.217 

0.038** 

BGV 

IN,  OUT 

0.192 

0.201 

0.045** 

MONO 

IN,  OUT 

0.222 

0.234 

0.049** 

GB 

IN,  OUT 

0.210 

0.219 

0.040** 

BGV  IN 

Gl,  G2 

0.207 

0.210 

0.019** 

BGV  OUT 

Gl,  G2 

0.182 

0.183 

0.004* 

MONO  IN 

Gl,  G2 

0.237 

0.241 

0.018** 

MONO  OUT 

Gl,  G2 

0.218 

0.219 

0.004* 

GB  IN 

Gl,  G2 

0.219 

0.220 

0.004* 

GB  OUT 

Gl,  G2 

0.206 

0.208 

0.011** 

Hs,  mean  gene  diversity  within  sampling  group;  Ht,  total  genetic  diversity; 

Gst,  the  proportion  of  gene  diversity  that  occurs  among  as  opposed  to  within  populations. 

*  p  <  value  <  0.05 
**p  <  value  <  0.001 

Self-pollinating  species  typically  demonstrate  reduced  heterozygosity,  low 
intra-population  genetic  diversity,  and  substantial  genetic  differentiation 
among  populations,  but  S.  airoides  populations  had  notably  lower  inter¬ 
population  genetic  variation  and  the  genetic  structure  of  the  populations 
did  not  differ  (Yan  et  al.  2010).  The  expected  heterozygosity  values  for  the 
IN  and  OUT  populations  were  higher  than  expected,  but  are  supported  by 
the  higher  levels  of  variation  attributed  to  individuals  of  a  population 
based  on  AM  OVA.  Both  IN  and  OUT  populations  partitioned  their  total 
genetic  diversity  within  (Hs)  individuals  rather  than  among  (Gst)  locations 
or  populations. 

These  results  for  intra-population  genetic  diversity  were  similar  to  those  of 
previous  research  on  S.  airoides  from  invaded  areas  (Hs,  0.203),  but  inter¬ 
population  estimations  differed  (Gst,  0.121;  Mealor  et  al.  2004).  The 
present  study  included  579  plants  genotyped  rather  than  12  plants  ana¬ 
lyzed  in  Mealor  et  al.  (2004)  and  162  plants  analyzed  in  Mealor  et  al. 
(2006),  so  the  robustness  of  this  current  study  may  be  more  compelling 
than  earlier  work. 
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Greater  intra-population  genetic  diversity  suggests  individuals  within  a 
population  display  a  large  proportion  of  genetic  loci  with  much  allelic  vari¬ 
ation,  characteristic  of  widespread,  out-crossing,  long-lived  perennial 
plant  species  (Hamrick  and  Godt  1996,  Odat  et  al.  2004).  These  are  traits 
of  S.  airoides  except  that  S.  airoides  is  thought  to  be  predominately  self- 
pollinated  (Fryxell  1957).  The  results  of  this  work  could  imply  that  S.  air¬ 
oides  has  a  mixed  mating  system  (both  self-  and  cross-pollinating)  espe¬ 
cially  since  florets  are  open  during  anthesis  (personal  observation).  Pollen 
transfer  is  more  likely  in  an  enclosed  greenhouse  environment.  Having 
multiple  breeding  strategies,  such  as  clonal  reproduction  and  seed  produc¬ 
tion  from  self-  and  cross-  pollination,  may  favor  persistence  even  within  a 
small  or  fragmented  populations  such  as  those  coexisting  with  exotic  in¬ 
vaders  (Gustafson  et  al.  1999).  Some  species  (e.g.,  Canada  wild  rye,  Ely- 
mus  canadensis )  are  known  to  have  varying  out-crossing  rates  and  these 
rates  differ  from  population  to  population  (Sanders  and  Hamrick  1980). 
Rare  out-crossing  events  are  also  thought  to  contribute  to  the  genetic  vari¬ 
ation  found  within  Illinois  bundle  flower  ( Desmanthus  illinoensis )  popula¬ 
tions  (DeHaan  et  al.  2003).  Increased  gene  flow  among  individuals  may 
have  increased  the  genetic  variation  within  invaded  populations  of  S.  air¬ 
oides  and  could  be  a  factor  in  their  persistence  within  invasions. 

Moderate  levels  of  gene  flow  among  self-pollinating  individuals  can  occur 
especially  if  populations  have  a  wide  distribution  over  a  broader  range  of 
growing  conditions  (Lesica  and  Allendorf  1999).  Seed-mediated  gene  flow 
is  important  to  genetic  structure  and  gravity  dispersed  populations  (as  is 
S.  airoides )  should  cause  genetic  differences  between  populations.  This 
study’s  S.  airoides  populations  and  locations  do  not  demonstrate  this 
trend,  perhaps  because  of  their  multiple  breeding  strategies.  Invasive  spe¬ 
cies  are  thought  to  fragment  native  populations,  but  when  brought  to  a 
common  greenhouse,  S.  airoides  appears  to  have  rather  open  gene  flow.  S. 
airoides  is  capable  of  polyploidy,  which  also  provides  a  means  to  increase 
intra-population  diversity  from  gene  duplication  leading  to  fixed  heterozy¬ 
gosity  (Diaz  et  al.  1999). 

Geographic  location  of  original  maternal  plants  was  expected  to  play  a  sig¬ 
nificant  role  in  the  amount  of  genetic  diversity  found  in  IN  and  OUT  popu¬ 
lations  of  S.  airoides.  A  relationship  between  maternal  plant  collection  lo¬ 
cation  and  genetic  variation  appeared  when  individuals  were  analyzed  by 
populations  from  their  location  (BGV,  MONO,  and  GB).  The  IN  population 
of  both  MONO  and  BGV  locations  derived  4  percent  of  their  genetic  varia¬ 
tion  from  generational  differences,  indicating  the  potential  for  a  shift  in 


ERDC/CERL  TR-11-28 


54 


gene  flow  during  a  seed  increase  or  more  open  pollination  occurring  with¬ 
in  a  greenhouse. 

Dendogram  analysis  supports  the  divergence  between  Wyoming  (MONO, 
GB)  and  Colorado  (BGV)  locations  (Figure  5).  Interestingly,  MONO  and 
GB  had  the  highest  inter-population  genetic  diversity  and  were  separated 
into  two  different  nodes  for  IN  and  OUT  populations.  Greater  invasion 
pressures  at  the  GB  location  (much  higher  density  of  R.  repens )  could 
mean  the  location  faced  stronger  selection  pressures  for  plants  able  to 
coexist  within  the  invasion.  Although  GB  had  a  higher  density  of  invasive 
plants,  the  location  BGV  had  the  longest  period  of  exotic  invasion  (35 
years  longer  than  either  MONO  or  GB).  The  IN  population  at  BGV  had 
higher  genetic  diversity  than  the  OUT  population,  which  could  be  evidence 
for  the  longer  time  under  exotic  pressures  selected  for  plants  with  in¬ 
creased  cross-pollination. 

The  cultivar  used  in  this  study  demonstrated  itself  as  a  genetically  diverse 
candidate  for  restoration,  and  the  amount  of  genetic  variation  was  higher 
than  the  IN  and  OUT  populations.  A  reason  for  the  increase  in  variation  is 
that  the  cultivar  population  was  derived  from  more  individuals  than  the  IN 
and  OUT  lineages.  It  is  reassuring  that  the  cultivar  population  was  placed 
near  GB  populations  in  the  endogamy  since  the  cultivar  was  developed 
geographically  nearest  to  the  GB  site. 

It  is  often  suggested  that  new  seed  sources  should  be  collected  every  few 
years  for  agronomic  production  (Knapp  and  Rice  1994).  Generational  dif¬ 
ferences  in  genetic  diversity  were  low  for  the  OUT  population  meaning  ge¬ 
netic  diversity  could  be  maintained  within  a  greenhouse  seed  increase  for 
several  generations.  Significant  generational  differences  in  genetic  diversi¬ 
ty  of  the  IN  population  could  become  more  pronounced  in  future  genera¬ 
tions,  so  IN  populations  may  be  best  used  for  short-term  seed  increases 
within  a  production  environment  or  collected  as  seed  from  the  wild  and 
planted  directly  into  a  restored  area. 

Exotic  invasion  may  influence  native  populations  beyond  competition  for 
nutrients  and  space,  but  could  affect  how  genetic  traits  are  passed  on  to 
subsequent  generations.  This  research  demonstrated  that  as  few  as  two 
generations  of  seed  increase  in  a  greenhouse  environment  can  influence 
gene  flow  of  native  species.  Future  research  should  detail  influences  of 
newly  created  greenhouse  populations  on  the  genetic  diversity  of  restora¬ 
tion  plantings  and  surrounding  wild  populations. 


number  of  tillers 
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6.3  greenhouse  testing  of  native  grass  collections  and  seedlings  for 
phenotypic  and  competitive  traits 

6.3.1  Results  of  testing  of  native  collections  and  seedlings  for  phenotypic 
and  competitive  traits  in  response  to  Russian  knapweed 

Sporobolus  airoides  emergence  did  not  differ  according  to  presence  of  R. 
repens  or  community  of  origin  (p  >  0.05).  Presence  oiR.  repens  reduced 
the  growth  of  S.  airoides  irrespective  of  community  of  origin  or  genotype 
(Figure  6).  There  was  a  significant  interaction  between  R.  repens  competi¬ 
tion  and  S.  airoides  community  of  origin  for  number  of  tillers  (Fi,  191  = 

10.27,  p  =  0.002)  and  number  of  leaves  (Fi,  214  =  7.63,  p  =  0.006;  Figure  6). 

As  a  group,  plants  from  invaded  communities  were  smaller  (Fi,  24  =  4.69, 
p  =  0.041)  than  those  from  non-invaded  communities.  Both  aboveground 
(F24, 50  =  2.14,  p  =  0.012)  and  belowground  (F24,5o  =  1.91,  p  =  0.027)  S. 
airoides  biomass  production  differed  among  maternal  genotypes  with  and 
without  competition. 

Patterns  of  competitive  response  varied  according  to  scale  of  investigation. 
Although  varied,  there  was  a  significant  location  by  community  interaction 
for  the  competitive  response  of  S.  airoides  (F2, 86  =  8.83,  p  =  0.003;  Figure 
7).  Rhaponticum  repens  grown  with  grasses  from  invaded  areas  had  a  low¬ 
er  competitive  response  (mean  CR  =  0.932  ±  0.064)  than  those  grown  with 
grasses  from  non-invaded  communities  (mean  CR  =  1.047  ±  0.057;  F2, 86  = 
4-74,  P  =  0.032). 
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Figure  6.  Number  of  tillers  and  number  of  leaves  produced  by  Sporobolus  airoides  seedlings 
from  communities  invaded  by  Rhaponticum  repe ns  and  non-invaded  communities  grown  with 
and  without  R.  repens  competition  in  a  greenhouse  experiment.  Values  are  least  squares 

means  and  SE. 
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Individual  maternal  genotypes  differed  greatly  in  their  response  to  competi¬ 
tors  and  demonstrated  a  broad  range  of  competitive  responses  (Figure  8). 
Rhaponticum  repens  biomass,  height,  number  of  shoots,  number  of 
leaves,  and  canopy  width  showed  no  differences  among  neighbor  treat¬ 
ments  genotypes  (p  >  0.05).  However,  S.  airoides  maternal  genotypes  dif¬ 
ferentially  influenced  aboveground  biomass  (F24, 25  =  2.24,  p  =  0.026)  and 
number  of  leaves  (F24, 25  =  1.99,  p  =  0.047)  of  R.  repens  (Figure  8).  The  re¬ 
sponse  of  R.  repens  to  presence  of  S.  airoides  was  similarly  varied.  In  gen¬ 
eral,  more  invaded  grass  genotypes  reduced  the  growth  of  R.  repens  than 
did  non-invaded  grass  genotypes  (reduction  of  R.  repens  relative  to  R.  re¬ 
pens  grown  alone,  black  column).  Also,  the  highest  competitive  response 
values  were  of  maternal  genotypes  from  invaded  communities. 

Success  of  exotic  invaders  has  been  explained  in  some  cases  by  the  “novel 
weapons  hypothesis”  (Callaway  and  Aschehoug  2000),  (Bais  et  al.  2003), 
(Callaway  and  Ridenour  2004).  This  hypothesis  proposes  that,  in  some 
cases,  invasive  plants  perform  better  in  a  new  environment  because  they 
bring  specific  biochemical  impacts  that  are  novel  to  native  plants  in  the 
new  environment.  Grass  tolerance  to  R.  repens  invasion  have  been  ex¬ 
plained  as  tolerance  to  allelopathic  compounds  (Callaway  et  al.  2005).  The 
fact  that  the  “experienced”  genotypes  in  this  study  are  more  competitive 
than  “inexperienced”  with  a  new  invader  whose  allelopathic  potential  has 
not  been  described  as  the  cause  for  its  success  in  North  America,  indicates 
that  this  study’s  observed  apparent  competitive  advantage  cannot  be  ex¬ 
plained  via  tolerance  to  allelopathy.  Apparently,  experienced  grass  geno¬ 
types  must  have  different  patterns  of  allocation  than  inexperienced  popu¬ 
lations,  and  this  provides  a  competitive  advantage.  In  any  case,  additional 
future  studies  on  the  mechanisms  of  greater  competitive  response  of  expe¬ 
rienced  natives  against  C.  arvense  or  other  comparable  NIPS  are  necessary 
to  discern  these  patterns  more  clearly  (see  also  Sections  3.2  [p  19]  and  Sec¬ 
tion  3.3  [p  20]). 
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Figure  7.  Competitive  response  of  Sporobo/us  airoidesUom  three  different  locations  and  two 
communities  when  grown  with  Rhaponticum  repens  under  greenhouse  conditions.  Values 

represent  means  ±  1 SE. 
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Figure  8.  Sporobo/us  airoides  maternal  genotype  -  Rhaponticum  repens  biomass  production. 
Dark  squares  represent  average  production  of  S.  airoides  biomass  relative  to  control  plants 
(grown  alone)  of  the  same  maternal  genotype.  Filled  columns  represent  average  biomass 
production  of  R.  repens  grown  with  the  corresponding  S.  airoides  maternal  genotype.  Black 
column  is  mean  biomass  of  R.  repens  grown  alone. 
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6.3.2  Results  of  testing  of  native  collections  and  seedlings  for  phenotypic 
and  competitive  traits  response  in  response  to  Canada  thistle 

In  general,  growth  of  both  of  the  grasses  were  reduced  by  competition  with 
C.  arvense  plants  (Figures  5  and  6).  Sporobolus  airoides  tillering  de¬ 
creased  in  the  presence  of  C.  arvense  (Figure  9a;  P  =  0.0002).  By  week  14, 
tillers  of  experienced  S.  airoides  competing  with  C.  arvense  was  not  differ¬ 
ent  from  tillering  of  inexperienced  S.  airoides  grown  alone.  Hesperostipa 
comata  tiller  numbers  did  not  differ  among  treatments  on  any  sampling 
date  (Figure  9b;  P  =  0.9882). 

Not  surprisingly,  grasses  grown  alone  accumulated  greater  biomass  than 
when  grown  with  C.  arvense  (Figure  9).  When  grown  alone,  experienced 
and  inexperienced  S.  airoides  genets  did  not  differ  in  size.  When  compet¬ 
ing  with  C.  arvense,  experienced  genets  of  S.  airoides  were  larger  than  in¬ 
experienced  conspecifics  (Figure  9;  S.  airoides  P  =  0.0002).  Biomass  of 
experienced  H.  comata  did  not  differ  from  inexperienced  genets  when 
grown  alone  (Figure  10).  When  grown  with  C.  arvense,  inexperienced  H. 
comata  were  smaller  than  H.  comata  grown  alone  whereas  experienced  H. 
comata  did  not  differ  from  H.  comata  genets  grown  alone.  Cirsium  ar¬ 
vense  biomass  was  reduced  in  the  presence  of  S.  airoides  neighbors,  both 
experienced  and  inexperienced  (Figure  10;  C.  arvense  P  =  0.0017),  and  C. 
arvense  biomass  was  least  with  experienced  neighbors.  Cirsium  arvense 
biomass  did  not  differ  when  grown  with  either  experienced  or  inexpe¬ 
rienced  H.  comata  neighbors. 

6.3.3  Results  of  testing  for  native  grass  competition  with  Canada  thistle 
using  the  Relative  Neighbor  Effect  (RNE)  index 

In  both  grasses,  RNE  values  for  inexperienced  genets  were  quite  high  (ap¬ 
proaching  0.8)  demonstrating  the  negative  impact  of  the  C.  arvense 
neighbors  (Figure  11).  Experienced  grasses  had  smaller  RNE  values  (mean 
RNE  =  0.33)  when  grown  with  C.  arvense  than  did  inexperienced  grasses 
(mean  RNE  =  0.75)  suggesting  that  for  both  grass  species,  experienced  ge¬ 
nets  were  less  affected  by  thistle  neighbors  (Figure  11;  P  =  0.0102).  Con¬ 
versely,  C.  arvense  were  least  impacted  by  H.  comata  neighbors.  Cirsium 
arvense  was  most  affected  by  competition  from  experienced  S.  airoides 
neighbors;  S.  airoides  inexperienced  neighbors  had  an  intermediate  im¬ 
pact  not  statistically  different  from  H.  comata  neighbors. 
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Military  land  managers  and  restoration  ecologists  are  interested  in  creat¬ 
ing  native  communities  that  will  better  resist  the  entrance  of  exotics.  The 
results  of  this  work  suggest  that  native  species  exposed  to  long  term  inva¬ 
sions  have  undergone  selection  towards  greater  tolerance  for  the  presence 
of  some  exotic  plant  species.  These  results  support  previous  genetic  stu¬ 
dies  showing  genetic  differentiation  in  natives  exposed  to  long  term  R.  re¬ 
pens  invasions  (Mealor  and  Hild  2006)  and  extend  results  to  tolerance  for 
another  exotic  species,  C.  arvense. 

6.3.4  Results  of  testing  for  nutrient  content  of  Canada  thistle 

Carbon  content  of  C.  arvense  did  not  differ  when  grown  with  S.  airoides 
neighbors  (P  =  0.4879;  Table  10).  Nitrogen  content  in  leaves  of  C.  arvense 
grown  alone  was  greater  than  when  C.  arvense  was  grown  with  expe¬ 
rienced  S.  airoides  neighbors  (P  =  0.0238).  Nitrogen  content  of  C.  arvense 
when  grown  with  inexperienced  S.  airoides  was  intermediate  and  did  not 
differ  from  other  treatments.  Carbon  to  nitrogen  ratios  of  C.  arvense  were 
also  greater  in  plants  competing  with  experienced  S.  airoides  (P  =  0.0156). 
Nitrogen  content  of  C.  arvense  in  injected  pots  did  not  differ  among 
treatments  (P=  0.38). 

Because  leaf  nitrogen  content  is  directly  related  to  photosynthetic  activity 
(Sage  and  Pearcy  1987,  Poorter  et  al.  1990,  Poorter  and  Bergkotte  1992) 
and  can  impact  species  dominance  (Tilman  1987),  our  tissue  analyses  indi¬ 
rectly  indicate  that  experienced  grass  neighbors  are  more  stressful  to  the 
exotic.  Cirsium  arvense  is  known  to  increase  photosynthesis  and  produc¬ 
tion  with  greater  nitrogen  availability  (Hamdoun  1970,  Nadeau  and  Van- 
den  Born  1990,  Ziska  2003).  In  our  study  reduced  leaf  nitrogen  content 
and  C:N  ratios  of  C.  arvense  associated  with  experienced  native  grasses 
corroborates  increased  stress  placed  on  C.  arvense  by  experienced  neigh¬ 
bors.  If  experienced  native  populations  truly  limit  nitrogen  accumulation 
by  invaders,  nutrient  cycling  processes  can  be  targeted  to  enhance  future 
restoration  efforts. 
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a.  Sporobolus  atroides 


Figure  9.  Growth  (tiller  number)  of  experienced  and  inexperienced  grasses  ( Sporobolus 
airoides  [a]  and  Hesperostipa  comata  [b])  with  and  without  Cirsium  arvense  neighbors  on 
eight  sampling  dates.  Treatments  are:  experienced  genets  alone  (squares),  inexperienced 
genets  alone  (circles),  experienced  genets  +  C.  arvense  (triangles)  and  inexperienced  genets 
+  C.  arvense  (diamonds).  Within  a  date,  treatments  with  the  same  letter  do  not  differ  (p  < 

0.05). 
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a.  Sporo bolus 


Figure  10.  Biomass  of  experienced  and  inexperienced  Sporobo/us  airoides(a)  and 
Hesperostipa  comata  (b)  grass  genets  grown  alone  and  with  Cirsium  arvense.  Columns  in  the 
figures  are  grass  biomass  (solid  columns)  and  biomass  of  C.  arvense  (hatched  columns). 
Means  without  the  same  letter  differ  (a.  S.  airoides  P=  0.0002;  b.  H.  comata  P=  0.0161;  and 

C.  arvense  P=  0.0017). 


Relative  Neighbor  Effect  (RNE) 
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Heco  exper+Ciar  Heco  inexp+Clar  Spai  expe+Clar  Spal  Inexper+Clar 


Figure  11.  Relative  Neighbor  Effect  (RNE)  for  interactions  of  Cirsium  arvense  (Ciar)  with 
experienced  (exp)  and  inexperienced  (inexper)  native  grasses  (Heco  =  Hesperostipa  comata, 
Spai  =  Sporobo/us  airoides).  Larger  RNE  values  suggest  greater  impact  of  neighbors.  Across 
all  RNE  values,  means  with  the  same  letter  do  not  differ  (P=  0.03). 

Table  10.  Nitrogen  and  carbon  content  (mg/mg  tissue)  in  Cirsium  arvense  grown 
alone  and  with  grass  competitors  ( Sporobo/us  airoides)  from  populations  exposed  to 
Russian  knapweed  invasions  (experienced)  and  from  outside  the  invasion 
(inexperienced).  Mean  separation  was  completed  using  Tukey’s  HSD. 


Treatment 

Carbon  (%) 

(P=  0.4879) 

Nitrogen  (%) 
(P=  0.0355) 

C:N  Ratio 
(P=  0.0156) 

C.  arvense  (Ciar)  alone 

38.9 

64.4a 

64.2b 

Ciar  +  Experienced  Spai 

38.0 

40.6b 

94.0a 

Ciar  +  Inexperienced  Spai 

39.4 

50.6ab 

82.6ab 

Mean 

38.8 

50.8 

80.3 

6.3.5  Results  of  testing  for  competition  with  Canada  Thistle  under 
herbivory  by  stem-mining  weevils 

None  of  the  treatments  significantly  reduced  shoot  size  (aboveground 
biomass)  of  C.  arvense.  However,  root  biomass  was  reduced  by  several  of 
the  treatment  combinations  (Figure  12).  Sporobolus  airoides  alone,  and 
both  grasses  combined,  significantly  suppressed  root  growth  (55.4  and 
84.0  percent  respectively),  but  competition  from  H.  comata  alone  did  not. 
Reduced  thistle  root  growth  may  be  attributed  to  competition  from  warm- 
season  grasses  later  in  the  growing  period. 
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Figure  12.  Aboveground  and  belowground  biomass  of  Cirsium  arvense.  (p  <  0.01;  df=6)  in 
competition  and  weevil  herbivory  treatments  (T  =  Canada  thistle,  N&T  =  Needle-and-thread 
grass,  AS=Alkali  sacaton  (Sporobo/us  airoides)  grass,  L  =  the  weevil,  Hadroplontus  Htura  (syn. 

Ceutorhynchus  Htura). 


When  H.  litura  was  present,  either  alone  or  in  combination  with  the 
grasses,  C.  arvense  roots  were  significantly  smaller.  It  is  interesting  to  note 
that,  while  competition  from  needle-and-thread  grass  alone  did  not  reduce 
root  growth,  thistle  roots  were  reduced  8o.6  percent  when  the  weevil  was 
added  in  combination  with  the  cool-season  grass. 

The  significant  reduction  in  root  biomass  relative  to  controls,  or  to  cool- 
season  competition  alone,  suggests  that  the  combined  effect  of  H.  litura 
and  needle-and-thread  has  increased  effectiveness.  The  synergistic  effect 
on  C.  arvense  thistle  root  biomass  may  occur  because  the  timing  of  weevil 
effects  coincides  with  competitive  stress  from  the  cool-season  grass.  This¬ 
tle  mortality  was  significantly  greater  (Chi  square  analysis)  when  weevil 
herbivory  and  competitive  grasses  were  combined.  Mortality  of  thistle  with 
the  insect  alone  was  10  percent,  whereas  when  needle-and-thread  grass 
and  the  weevil  were  combined,  thistle  mortality  was  40  percent. 

Sporobolus  airoides  growth  takes  place  after  C.  arvense  (cool-season)  has 
completed  its  period  of  active  growth  and  depleted  root  reserves.  Thistle  at 
this  time  is  more  vulnerable  to  competitive  effects  (McAllister  and  Hader- 
lie  1985).  Since  C.  arvense  allocates  most  of  its  biomass  belowground,  root 
growth  may  be  critical  in  accounting  for  the  effect  of  competition  on  C.  ar¬ 
vense  growth.  Studying  aboveground  biomass  alone  does  not  give  a  com- 
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plete  understanding  of  underlying  competitive  mechanisms  that  makes 
some  species  better  competitors  than  others  (Nadeau  and  Vandenborn 
1989,  Nadeau  and  Vandenborn  2011). 

The  importance  of  belowground  competition  is  widely  recognized  (Casper 
and  Jackson  1997),  but  the  effect  of  aboveground  stress  has  been  a  subject 
of  discussion  (Ang  1994).  Ang  (1994)  suggested  that  aboveground  stress 
has  great  impact  on  C.  arvense  biomass.  Herbivory  caused  by  Cassida  ru- 
biginosa  ( Coleoptera :  Chrysomelidae ;  an  introduced  defoliating  beetle 
used  for  thistle  control)  has  a  stronger  effect  on  aboveground  biomass  of 
C.  arvense  than  on  its  roots  (Bacher  and  Schwab  2000).  After  being 
stressed  by  H.  litura,  C.  arvense  aboveground  shoot  biomass  decreased, 
but  shoots  recovered  by  the  end  of  the  study.  C.  arvense  may  recover  from 
aboveground  stress  by  reallocating  resources  from  the  roots  to  make  up  for 
the  loss  of  photosynthetic  tissue.  Overall,  this  work  concludes  that  the  ef¬ 
fect  of  the  insect  alone  reduced  C.  arvense  biomass  and  increases  mortali¬ 
ty,  especially  when  combined  with  grass  competition. 

It  seems  that  the  synchronization  of  competition  from  the  cool-season  na¬ 
tive  grass  and  H.  litura  enhanced  the  impact  of  herbivory  and  competition 
on  root  biomass,  while  the  use  of  consecutive  stresses  (combination  of  cool 
and  warm  season  impacts)  in  time  did  not.  The  combination  of  both 
warm-  and  cool-season  grasses  at  the  same  time  did  not  differ  from  either 
cool-  or  warm-season  competition  alone  on  C.  arvense  belowground  bio¬ 
mass.  Therefore,  a  combination  of  cool-  and  warm-season  competition  did 
not  improve  control  of  C.  arvense.  However,  this  work  did  not  test  the  im¬ 
pact  of  both  grasses  combined  with  weevil  herbivory,  which  may  have  pro¬ 
vided  synergism. 

Contrary  to  previous  studies  (Zwolfer  and  Harris  1966,  Peschken  and  Wil¬ 
kinson  1981,  Peschken  and  Derby  1992,  Hein  and  Wilson  2004),  H.  litura 
alone  provides  effective  control  of  C.  arvense  in  the  greenhouse.  But  a 
more  important  question  is  whether  the  insect’s  impacts  increases  or  de¬ 
clines  when  combined  with  competition  from  already  established  native 
grasses.  In  this  study,  native  grass  competition  had  additive  effects  that 
enhance  the  impacts  of  H.  litura.  Although  cool-season  competition  was 
not  synergistic,  its  combined  use  with  weevil  would  provide  a  good  strate¬ 
gy  for  control  of  C.  arvense  since  the  combined  effect  is  significantly  great¬ 
er  than  the  effect  of  competition  alone. 
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Weevil  herbivory  reduced  root,  but  not  shoot,  biomass  of  Canada  thistle. 
Competition  from  H.  comata  did  not  reduce  biomass  of  thistles,  but  com¬ 
binations  of  the  weevil  and  H.  comata  greatly  reduced  thistle  root  bio¬ 
mass.  Sporobolus  airoides  suppressed  C.  arvense  root  biomass  indepen¬ 
dent  of  weevils.  Weevils  had  a  positive  indirect  effect  on  the  cool-season 
grass  H.  comata,  presumably  by  reducing  the  competitive  ability  of  this¬ 
tles,  but  had  no  effect  on  biomass  of  the  warm-season  grass,  S.  airoides. 
Benefits  of  weevil  presence  as  an  augmentation  of  grass  competition  ap¬ 
pear  to  depend  on  appropriate  timing,  and  weevils  provided  the  most  ben¬ 
efit  to  the  cool-season  competitor.  These  results  suggest  that  restoration 
efforts  can  be  complemented  with  insect  biocontrol  agents,  although  the 
timing  of  impact  will  depend  on  the  particular  weed  species,  grass  compet¬ 
itors,  and  biocontrol  insect  agents  involved.  The  combination  of  S.  air¬ 
oides  with  H.  litura  did  not  increase  the  detrimental  impact  of  S.  airoides 
competition  on  C.  arvense.  This  study  concludes  that  the  combination  of 
H.  litura  and  warm-season  competitors  may  not  improve  effectiveness  of 
control  of  C.  arvense.  Relative  measures  of  competitive  response  suggest 
that  S.  airoides  had  a  significant  impact  on  biomass,  and  since  mortality  is 
increased,  should  be  considered  good  competitors  for  revegetation  efforts. 

Military  land  managers  and  restoration  ecologists  are  interested  in  creat¬ 
ing  native  communities  that  will  better  resist  the  entrance  of  exotics.  The 
results  of  this  work  suggest  that  native  species  exposed  to  long  term  inva¬ 
sions  have  undergone  selection  towards  greater  tolerance  for  the  presence 
of  some  exotic  plant  species.  These  results  support  previous  genetic  stu¬ 
dies  showing  genetic  differentiation  in  natives  exposed  to  long  term  R.  re¬ 
pens  invasions  (Mealor  and  Hild  2006)  and  extend  results  to  tolerance  for 
another  exotic  species,  C.  arvense. 

Success  of  exotic  invaders  has  been  explained  in  some  cases  by  the  “novel 
weapons  hypothesis”  (Callaway  and  Aschehoug  2000),  (Bais  et  al.  2003), 
(Callaway  and  Ridenour  2004).  This  hypothesis  proposes  that,  in  some  cas¬ 
es,  invasive  plants  perform  better  in  a  new  environment  because  they  bring 
specific  biochemical  impacts  that  are  novel  to  native  plants  in  the  new  envi¬ 
ronment.  Grass  tolerance  to  R.  repens  invasion  have  been  explained  as  to¬ 
lerance  to  allelopathic  compounds  (Callaway  et  al.  2005).  The  fact  that  the 
“experienced”  genotypes  in  this  study  are  more  competitive  than  “inexpe¬ 
rienced”  with  a  new  invader  whose  allelopathic  potential  has  not  been  de¬ 
scribed  as  the  cause  for  its  success  in  North  America,  indicates  that  this 
study’s  observed  apparent  competitive  advantage  cannot  be  explained  via 
tolerance  to  allelopathy.  Apparently,  experienced  grass  genotypes  must  have 
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different  patterns  of  allocation  than  inexperienced  populations,  and  this 
provides  a  competitive  advantage.  In  any  case,  future  studies  on  the  me¬ 
chanisms  of  greater  competitive  response  of  experienced  natives  against  C. 
arvense  are  necessary  to  discern  these  patterns  more  clearly. 

6.3.6  Testing  for  phenotype  of  first  and  second  generation  seedlings  — 
plant  traits  in  response  to  long-term  exposure  to  Rhaponticum  repens 

This  research  examined  the  impacts  of  greenhouse  production  by  address¬ 
ing  two  questions:  (l)  whether  seedlings  of  invaded  S.  airoides  popula¬ 
tions  are  phenotypically  similar  to  non-invaded  populations,  and 
(2)  whether  the  phenotypic  traits  remain  stable  or  change  from  the  pro¬ 
duction  of  multiple  generations  within  a  greenhouse  environment.  As  a 
legacy  of  the  competitive  invaded  environment,  this  work  hypothesized 
that  remnant  native  populations  with  a  history  of  invasion  should  display 
greater  aboveground  vegetative  growth  than  the  non-invaded  population. 
Increased  vegetative  growth  would  assist  plants  in  competition  for  space 
and  nutrients  in  a  densely  populated  environment.  As  a  trade-off  for  allo¬ 
cating  more  resources  to  vegetative  or  clonal  growth,  this  work  hypothe¬ 
sized  seed  production  to  be  reduced  in  the  invaded  population  compared 
to  the  non-invaded  population.  Understanding  the  phenotypic  expression 
of  remnant  natives  in  production  and  the  prevalence  of  inadvertent  selec¬ 
tion  for  specific  phenotypes  within  lineages  is  important  for  the  potential 
use  of  remnant  native  grass  populations  in  native  plant  production  and 
restoration  efforts  (Gustafson  et  al.  2002). 

6.3. 6.1  Vegetative  growth  traits  of  maternal  lineages  after  greenhouse 
increase 

Tiller  production  of  S.  airoides  (Figure  13a)  differed  between  the  two  popu¬ 
lations  (IN  or  OUT)  depending  on  generation  (Gi  or  G2;  population  by  gen¬ 
eration  interaction p  <0.001).  Within  the  IN  population,  IN  Gi  produced 
39.9  percent  more  tillers  than  ING2;  tiller  production  in  OUT  Gi  and  OUT 
G2  did  not  differ.  When  averaged  across  generations,  the  IN  population 
produced  13.9  percent  more  tillers  than  the  OUT  population  ( p  =  0.003). 

Plant  height  (Figure  13b)  differed  between  the  two  populations  (IN  or 
OUT)  depending  on  generation  (Gi  or  G2;  population  by  generation  inte¬ 
raction  p  =  0.011).  Within  populations,  IN  Gi  seedlings  were  24.3  percent 
taller  than  ING2  seedlings  and  OUT  Gi  seedlings  were  12.2  percent  taller 
than  OUT  G2  seedlings. 
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Basal  diameter  (Figure  13c)  of  IN  seedlings  differed  between  generations 
(interaction  p  =  0.008).  IN  G2  basal  diameter  was  15.8  percent  wider  than 
INGi;  basal  diameter  of  OUT  Gi  and  OUT  G2  did  not  differ.  Irrespective  of 
generation,  basal  diameter  of  the  IN  population  was  8.6  percent  greater 
than  the  OUT  population  (p  =  0.002). 

There  was  no  interaction  between  population  and  generation  for  leaf 
length  (p  =  0.538)  or  leaf  width  (interaction  p  =  0.652).  IN  and  OUT  popu¬ 
lations  had  similar  leaf  elongation  rates.  Second  generation  seedlings  of 
both  populations  had  greater  leaf  growth  than  the  first  generation 
(p  <0.001).  IN  G2  had  26  percent  longer  leaves  than  IN  Gi  and  OUT  G2 
having  21  percent  longer  leaves  than  OUT  Gi.  The  OUT  population  seedl¬ 
ings  had  17  percent  wider  leaves  than  the  IN  population  (p  <0.001).  The 
rate  at  which  populations  achieved  the  study  mean  for  each  trait  was  not 
statistically  different  among  populations,  but  IN  Gi  achieved  study  mean 
growth  for  all  traits  in  7  weeks  whereas  other  populations  took  an  addi¬ 
tional  1  to  6  weeks  to  attain  the  same  growth. 

The  cultivar  population  did  not  differ  in  tiller  production  (p  =  0.230)  or 
leaf  width  (p  =  0.051;  Table  11)  from  the  native  populations.  Native  seedl¬ 
ings  were  26  percent  taller  (p  <0.001)  and  had  27  percent  greater  leaf 
elongation  (p  =  0.003)  than  the  cultivar  population.  Cultivar  basal  diame¬ 
ter  was  35  percent  larger  (p  <0.001)  than  the  native  populations. 

6.3. 6.2  Sexual  reproductive  traits  of  maternal  lineages  after  greenhouse 
increase 

Based  on  earlier  reports,  expected  germination  for  each  lineage  was  82 
percent  (Hyder  and  Yasmin  1972);  observed  germination  was  much  lower 
than  expected  for  all  populations  under  greenhouse  conditions  (x2,  p 
<0.001).  Germination  (Figure  14;  Table  12)  differed  between  the  two 
populations  (IN  or  OUT)  depending  on  generation  (Gi  or  G2;  population 
by  generation  interaction  p  <0.001).  Within  populations,  germination  of 
IN  Gi  (45  percent)  was  greater  than  IN  G2  (18  percent;  p  <0.001).  Germi¬ 
nation  of  OUT  generations  did  not  differ.  Regardless  of  generation,  the  IN 
population  germination  (32  percent)  was  twice  that  of  the  OUT  population 
(15  percent;  p  <0.001).  Cultivar  germination  was  quite  low,  1.0  percent, 
and  less  than  the  wild  population  (22.5  percent;  Table  13  (p  <0.001). 
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Figure  13.  Relative  growth  per  week  (mean  ±SE)  for  first  (Gl)  and  second  (G2)  generations  of 
Sporobo/us  airoides  populations  from  invaded  (IN)  and  non-invaded  (OUT)  Rhaponticum 
repens  areas.  Probabilities  (Proc  GLM)  for  interactions  (population*generation)  are  reported 
for  each  trait.  Cultivar  means  provided  for  visual  comparison  (not  included  in  GLM  analysis). 
Within  a  population  (IN  or  OUT),  generation  means  with  the  same  upper  case  letter  do  not 
differ.  Within  a  generation  (Gl  or  G2),  population  means  with  the  same  lower  case  letter  do 

not  differ. 


Table  11.  Mean  (+SE)  values  of  phenotypic  traits  for  cultivar  and  native  Sporobo/us  airoides 

populations. 


Source 

n 

Tiller  Production 
(No.) 

Plant  Height 
(cm) 

Basal  Diameter 
(cm) 

Leaf  Length 
(cm) 

Leaf  Width 
(mm) 

Germination 

(No.) 

Cultivar 

20 

1.30  ±0.14 

8.73  ±0.31 

0.095  ±0.004*** 

1.53  ±0.18 

0.146  ±0.005 

0.050  ±0.05 

Natives 

673 

1.12  ±0.03 

11.79  ±0.18*** 

0.073  ±0.001 

2.10  ±0.51** 

0.161  ±0.006 

1.130  ±0.05*** 

*  p  <value  <  0.05;  **  p  <value  <  0.01;  ***p  <value  <  0.001 
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Figure  14.  Reproductive  means  (±SE)  for  first  (Gl)  and  second  (G2)  generations  of 
Sporobo/us  airoides populations  from  invaded  (IN)  and  non-invaded  (OUT)  Rhaponticum 
repens  areas.  Probabilities  (Proc  GLM)  for  interactions  (population*generation)  are  reported 
for  each  trait.  Germination  rate  is  out  of  five  seeds  planted  per  pot.  Within  a  population  (IN  or 
OUT),  generation  means  with  the  same  upper  case  letter  do  not  differ.  Within  a  generation 
(Gl  or  G2),  population  means  with  the  same  lower  case  letter  do  not  differ. 
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Table  12.  Summary  of  total  Sporoboius  airoides seedlings  used  in  the  study  and  reproductive 
outputs.  Original  maternal  plants  were  collected  from  invaded  (IN)  and  non-invaded  (OUT) 
areas  of  long-term  Rhaponticum  repens  invasion  (Mealorand  Hild  2006).  Each  population 
consisted  of  maternal  lineages  that  were  increased  for  two  generations  (G1  and  G2)  in  the 

greenhouse. 


Population 

Lineages 

(No.) 

Seeds 

Planted  (No.) 

Seeds 

Germinated  (No.) 

Plants 

Observed  (No.) 

Plants 

Harvested  (No.) 

Seed 

(No.) 

Inflorescence 

(No.) 

IN 

- 

1600 

506 

320 

126 

56413 

443 

GI 

16 

800 

362 

180 

93 

46999 

363 

G2 

16 

800 

144 

140 

33 

9414 

80 

OUT 

- 

2000 

306 

253 

127 

71447 

505 

GI 

20 

1000 

169 

187 

85 

45298 

328 

G2 

20 

1000 

137 

66 

42 

26149 

177 

Table  13.  S.  airoides  growth  production  Analysis  of  Variance  F-test  probabilities  for  data 
collected  in  Environmental  Simulation  Laboratory. 


Source 

DF 

Longest  Leaf 
(cm) 

Tillers 

(No.) 

Basal 

Circumference 

(cm) 

Flower 

(No.) 

Weed 

1 

0.8684 

0.4485 

0.8317 

0.2146 

Rep  (weed) 

8 

History 

1 

0.2478 

0.1935 

0.3866 

0.4621 

Weed*  history 

1 

0.6222 

0.2095 

0.0661 

0.4270 

Rep*history(weed) 

8 

Date 

13 

<0.0001 

<0.0001 

<0.0001 

0.0094 

Weed*date 

13 

0.0004 

0.6152 

1.0000 

0.0192 

Date*history 

13 

<0.0001 

0.0506 

0.6091 

0.8931 

Weed  *  d  ate *  h  isto  ry 

13 

0.9774 

0.3103 

0.1327 

0.8280 

Residual  error 

208 

- 

- 

- 

- 

Cultivar  plants  did  not  produce  any  inflorescences  and  was  excluded  from 
the  sexual  reproductive  traits  analysis.  Plants  averaged  85  days  from 
planting  to  anthesis  in  the  IN  and  OUT  populations  (p  =  0.978).  The  first 
generation  (Gi)  took  4  days  fewer  than  the  second  generation  (G2)  to 
reach  anthesis  (p  =  0.069).  Days  to  anthesis  was  less  variable  in  the  IN 
population  (range  of  19  days)  than  the  OUT  population  (range  of  23  days). 
IN  G2  and  OUT  G2  had  a  range  of  24  days  to  reach  anthesis  whereas  the 
first  generation  of  both  populations  had  a  shorter  range  (IN  Gi  range  13 
days  and  OUT  Gi  range  20  days). 

IN  plants  produced  9  percent  taller  inflorescences  than  OUT  plants  (p  = 
0.026),  but  inflorescence  height  did  not  differ  between  generations  within 
populations.  Inflorescence  production  differed  between  the  two  popula¬ 
tions  (IN  or  OUT)  depending  on  generation  (Gi  or  G2;  population  by  gen¬ 
eration  interaction  p  =  0.010).  OUT  plants  produced  29.4  percent  more 
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inflorescences  than  the  IN  population  (p  <o.ooi).  Within  a  population,  IN 
Gi  produced  37.4  percent  more  inflorescences  than  IN  G2  (p  =  0.009); 
generations  within  the  OUT  population  did  not  differ.  Seed  production  in 
the  OUT  population  was  twice  the  seed  production  of  the  IN  population 
(Table  13;  p  <0.001).  The  OUT  population  produced  37  percent  heavier 
seed  than  the  IN  population  (p  <0.001)  and  had  51  percent  more  seeds  per 
inflorescence  than  the  IN  population  (p  =  0.013)  (see  also  Table  25).  Seed 
production,  weight  per  100  seed,  and  seed  number  per  inflorescence  did 
not  differ  between  generations  of  either  population. 

6.3. 6.3  Traits  discussion  (after  greenhouse  increase)  -  general 

The  IN  population  accumulated  more  vegetative  growth  than  the  OUT 
population,  especially  the  first  generation  of  the  IN  population.  The  IN 
population  demonstrated  more  vegetative  growth  before  allocating  re¬ 
sources  for  seed  production  or  sexual  reproductive  growth  than  the  OUT 
population.  Increased  tiller  production,  or  clonal  spread,  and  leaf  canopy 
expansion  in  the  IN  population  may  represent  a  competitive  asexual  re¬ 
productive  tactic.  Increased  seedling  germination  and  initial  growth  in  the 
IN  populations  may  be  a  useful  response  in  the  presence  of  exotic  en¬ 
croachment  (Galloway  2005);  (Lavergne  and  Molofsky  2007).  This  study’s 
results  agree  with  prior  findings  that  invaded  remnant  S.  oiroid.es  popula¬ 
tions  express  increased  tillering  and  larger  basal  growth  than  non-invaded 
populations  when  under  competition  with  an  exotic  invader  ( R .  repens)  at 
a  novel  field  site  (Mealor  and  Hild  2007). 

Greater  tiller  numbers  increases  leaf  area  and  photosynthetic  potential 
and  enhances  the  likelihood  to  shade  an  invasive  competitor’s  persistent 
seed  bank.  Larger  basal  crowns  may  enhance  stability  and  dominance  to 
compete  with  quick  spreading  invasive  species  in  a  resource  limited  envi¬ 
ronment  where  horizontal  spread  or  tillering  would  be  more  adventitious 
than  vertical  growth  (Bazzaz  et  al.  1987).  A  life  cycle  of  faster  vegetative 
growth  is  important  for  native  perennial  grasses  to  establish  rapidly  and 
maintain  high  survival  rates  when  under  the  stress  of  reduced  moisture, 
nutrient,  and  light  conditions  such  as  when  exotic  invaders  are  present 
(Lesica  and  Allendorf  1999,  Seabloom  et  al.  2003).  Fitness  and  phenotypic 
adaptations  ensure  persistence  against  disturbances,  but  trade-offs  be¬ 
tween  reproduction  and  vegetative  growth  most  likely  will  occur  (Herms 
and  Mattson  1992).  The  IN  population  may  allocate  more  resources  to  ve¬ 
getative  growth  rather  than  producing  a  large  amount  of  seed  as  a  compe¬ 
tition  strategy.  Competitive  traits  may  be  demonstrated  by  increasing  ve- 
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getative  growth  or  reproduction  depending  on  which  trait  is  most  impor¬ 
tant  for  success  in  a  new  environment  (Blossey  and  Notzold  1995).  Long- 
lived  native  plants,  such  as  S.  airoides,  may  have  persisted  through  exotic 
invasion  via  phenotypes  that  allocate  resources  to  vegetative  growth. 

Although  variable  among  species,  trade-offs  between  resource  allocation 
to  sexual  reproduction  and  asexual  reproduction  are  well  documented 
(Bazzaz  et  al.  1987).  For  example,  new  generations  from  clonal  growth  will 
be  limited  to  the  close  proximity  of  their  maternal  plants  rather  than  the 
outward  dispersal  from  seed  spread  (Seabloom  et  al.  2003).  However,  til¬ 
ler  production  transfers  competitive  genetic  material  to  clonal  offspring 
(Lavergne  and  Molofsky  2007).  Offspring  exposed  to  the  same  environ¬ 
ment  as  the  maternal  plant  promotes  selection  for  adaptive  maternal  ef¬ 
fects  (Galloway  2005).  Competitive  traits  such  as  clonal  reproduction  and 
increased  vegetative  growth  could  indicate  selection  of  this  phenology  (La¬ 
vergne  and  Molofsky  2007). 

The  tradeoff  for  the  IN  population’s  competitive  vegetative  traits  may  trans¬ 
late  to  decreased  seed  production.  When  a  plant  delays  or  limits  their  sexual 
reproduction,  fitness  might  be  compromised  by  the  production  of  smaller 
and  fewer  amounts  of  seed.  In  a  limiting  or  high  plant  density  environment, 
tiller  recruitment  offers  sustained  productivity  and  a  greater  probability  of 
establishment  than  do  seedlings  (Herms  and  Mattson  1992,  Piquot  et  al. 
1998).  Even  in  favorable  environments,  such  as  the  greenhouse  setting, 
where  nutrients  were  readily  available  for  allocation  to  seed  reserves,  sexual 
reproduction  does  not  appear  to  have  taken  precedence  over  vegetative 
growth  in  the  IN  population.  Even  though  sexual  reproductive  traits  seem  to 
be  a  priority  for  the  OUT  population  rather  than  the  IN  population,  the  av¬ 
erage  time  from  planting  to  pollen  shed  was  the  same  for  both  populations 
(indicating  that  sexual  development  of  IN  plants  was  not  delayed). 

The  OUT  population  was  expected  to  differ  in  phenotypic  expression  from 
the  first  generation  to  the  second  generation,  however  the  IN  population 
demonstrated  more  differences  in  phenotypic  expression  between  genera¬ 
tions.  Reduced  growth  in  the  second  generation  may  demonstrate  the  influ¬ 
ence  of  a  controlled  environment,  even  over  a  short  period  of  time.  Because 
these  plants  were  not  stressed,  this  study  probably  does  not  document  a  full 
expression  of  competitive  phenology. 
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6. 3. 6. 4  Germination  of  2006  and  2007  Sporobolus  airoides  seed  from  In 
and  Out  maternal  plants  after  field  increase 

When  averaged  across  maternal  lineages,  the  effect  of  position  (IN  vs. 
OUT)  on  germination  (96)  of  the  2006  seed  depended  on  sample  day 
(Wilk’s  A  =  0.540,  F (3, 14)  =  3.971;  P  =  0.031,  Figure  15)  over  the  first  4  sam¬ 
ple  days.  Using  standard  protocol  for  P  values  close  to  this  study’s  speci¬ 
fied  alpha  (0.05),  the  data  were  also  subjected  to  univariate  ANOVA  as  a 
more  conservative  test  and  results  suggests  that  an  interaction  was  not 
present  between  IN  and  OUT  positions  for  germination  (96)  (F  (3, 48)  = 

0.775;  P  =  0.514). 

As  expected,  germination  differed  among  sample  days  (simple  effect  of 
time)  (F(3j  14)  =  1220.287;  p  <  0.001)  and  in  general,  decreased  after  day 
two.  Germination  did  not  differ  between  positions  (F (1, 16)  =  2.465;  P  = 
0.136). 

When  averaged  across  2007  maternal  lineages,  the  effect  of  position  (IN 
vs.  OUT)  on  germination  (96)  depended  on  sample  day  (Wilk’s  A  =  0.421,  F 
(3, 20)  =  9.165;  P  =  0.001,  Figure  15)  over  the  first  4  sample  days.  Germina¬ 
tion  of  IN  maternal  lineages  increased  from  day  two  to  day  four,  and  then 
rapidly  decreased  from  day  four  too  day  six  and  ceased  by  day  eight 
(Wilk’s  A  =  0.012,  F( 3, 9)  =  251.104;  p  <  0.001).  Germination  of  OUT  mater¬ 
nal  lineages  was  initially  rapid  on  sample  day  two  and  steadily  decreased 
on  sample  days  four,  six,  and  eight  (Wilk’s  A  =  0.070,  F (3, 9)  =  39.604;  p  < 
0.001).  IN  maternal  lineages  behaved  as  a  3rd  order  (cubic)  polynomial  (F 
(1, 11)  =  48.003;  p  <  0.001),  and  OUT  maternal  lineages  behaved  as  a  2nd  or¬ 
der  (quadratic)  polynomial  (Fq,  h)  =  9.706;  P  =  0.010).  IN  germination  (96) 
differed  from  OUT  germination  (96)  on  specific  sample  days  two  (Bonfe- 
ronni  t  (66)  =  443;  p  <  0.001),  and  day  four  (Bonferonni  t  (66)  =  4.70; 
p  <  0.001)  (a’  =  0.0125). 

Even  though  an  interaction  is  not  present  in  the  2006  seed  source  year  be¬ 
tween  IN  and  OUT  maternal  lineages,  an  interaction  is  present  among  the 
IN  and  OUT  maternal  lineages  for  germination  (96)  in  2007.  The  germina¬ 
tion  of  2007  IN  maternal  lineages  nearly  doubles  from  day  two  to  day  four. 
IN  maternal  lineages  have  experienced  invasions  of  R.  repens  and  germi¬ 
nation  trends  seem  to  be  affected  by  this  with  2007  seed.  The  seed  sources 
(years)  could  differ  via  altered  environmental  conditions  between  years  or 
because  of  a  shorter  after-ripening  period  for  2007  seed. 
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Of  the  43  maternal  lineages  germinated,  16  produced  seed  in  both  2006 
and  2007  (IN=bgvin  1,  3,  6,  8  and  9;  gbin  6;  monoin  7;  OUT=bgvout  1,  7, 
10;  gbout  3  and  7;  monoout  1,  2,  7  and  8).  When  the  same  maternal  lineag¬ 
es  were  compared,  germination  was  similar  between  IN  and  OUT  maternal 
lineages.  Earlier  analysis  of  the  2006  seed  germination  by  sample  day  re¬ 
vealed  no  position  differences,  but  when  comparing  identical  maternal  li¬ 
neages  across  years,  effects  of  position  (IN  and  OUT)  on  germination  de¬ 
pended  on  sample  day  for  both  2006  seed  (Wilk’s  A  =  0.464,  F (3,  12)  = 

4.624;  P  =  0.023)  and  2007  seed  (Wilk’s  A  =  0.346,  F(3, 12 )  =  7.570;  P  = 
0.004,  Figure  16). 
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Figure  15.  Germination  (%)  of  Sporobo/us  airoides  by  sample  day  profile  plot  for  a)  2006  (P  = 
0.514)  and  b)  2007  (p  <  0.001)  seed.  Significant  differences  exist  on  sample  days  two 
(Bonferonni  f  < 66)  =  4.43,  p  <  0.001),  and  four  (Bonferonni  tm  =  4.70,  p  <  0.001).  Solid  line 
represents  the  commercial  cultivar  (included  for  comparison).  Error  bars  represent  ±1 

standard  error. 
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Figure  16.  IN  and  OUT  Sporobolus  airoides  maternal  lineage  overlap  between:  (a)  2006  (p  = 
0.023)  and  (b)  2007  (P  =  0.004)  seed  source  years.  Solid  line  represents  the  commercial 
cultivar  (included  for  comparison).  Error  bars  represent  ±1  standard  error. 

IN  maternal  lineages  from  2006  displayed  nearly  the  same  germination  on 
day  two  and  four  and  little  germination  by  day  six  and  eight  (Wilk’s  A  = 
0.001,  F (3, 4)  =  1659.637;  p  <  0.001),  and  behaved  as  a  3rd  order  polynomial 
C F (1, 6)  =  8.047;  P  =  0.030).  OUT  maternal  lineages  from  2006  displayed  rap¬ 
id  germination  on  day  two  with  steadily  decreasing  germination  on  day’s 
four,  six,  and  eight  (Wilk’s  A  =  0.004,  F (3, 6)  =  554.871;  p  <  0.001),  and  be¬ 
haved  linearly  (F 0, 3)  =  23.620;  P  =  0.001).  IN  maternal  lineages  from  2007 
displayed  nearly  double  the  germination  on  day  four  as  day  two  and  little 
germination  on  days  six  and  eight  (Wilk’s  A  =  0.002,  F (3, 4)  =  834.776; 
p  <  0.001),  and  behaved  as  a  3rd  order  polynomial  (F (1, 6)  =  40.575;  P  = 
0.001).  OUT  maternal  lineages  from  2007  displayed  rapid  germination  on 
day  two,  with  steadily  decreasing  germination  on  day’s  four,  six,  and  eight 
(Wilk’s  A  =  0.091,  F (3, 6)  =  20.060;  P  =  0.002),  and  behaved  linearly  (F (1, 3)  = 
28.920;  P  =  0.001).  For  the  2007  seed,  IN  and  OUT  positions  differed  in 
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germination  on  days  two  (Bonferonni  t  (42)  =  3.018;  P  =  0.002)  and  day  four 
(Bonferonni  t  (42)  =  4.383;  p  <  0.001)  (a’  =  0.0125). 

6. 3. 6. 5  Germination  with  additional  after-ripening 

The  results  indicate  that  the  2006  IN  and  OUT  maternal  lineages  (with  26 
months  of  after-ripening)  exhibit  nearly  identical  germination  patterns  as 
the  same  2006  maternal  lineages  with  only  18  months  of  after-ripening 
Figure  17).  Interestingly,  the  2007  IN  maternal  lineages  (with  14  months 
of  after-ripening)  displayed  different  germination  traits  than  the  same 
2007  IN  maternal  lineages  with  only  6  months  of  after-ripening  (Figure 
18). 

6.3.6.6  Cumulative  seedling  root  growth  of  2006  and  2007  Sporobolus 
airoides  seed  from  In  and  Out  maternal  plants  after  field  increase 

Seedling  root  growth  for  both  2006  and  2007  seed  sources  began  on  day 
two  and,  in  general,  root  length  increases  continually  through  the  culmina¬ 
tion  of  the  experiment.  Additionally,  for  both  seed  sources,  roots  grew  ra¬ 
pidly  on  days  three  and  four  (Figure  19).  When  averaged  across  2006  ma¬ 
ternal  lineages,  the  effect  of  cumulative  root  growth  on  position  (IN  and 
OUT)  did  not  depend  on  sample  day  (Wilk’s  A  =  0.407,  F (8, 9)  =  1.641;  P  = 
0.238,  Figure  17)  over  9  sample  days.  As  expected,  root  growth  of  seedl¬ 
ings  increased  over  9  sample  days  (Wilk’s  A  =  0.215,  F (8, 9)  =  4.101;  P  = 
0.025).  The  IN  position  behaved  as  a  7th  order  polynomial  (Fp,  8)  =  6.684; 

P  =  0.032),  and  the  OUT  maternal  lineages  behaved  as  a  4th  order  poly¬ 
nomial  (F(i,  8)  =  19.460;  P  =  0.002).  Root  growth  did  not  differ  between  po¬ 
sitions  CF(i,  16)  =  0.307;  P  =  0.587). 

(IN  and  OUT)  did  not  depend  on  sample  day  (Wilk’s  A  =  0.617,  F (8, 15)  = 
1.164;  P  =  0.380,  Figure  17)  over  9  sample  days.  As  expected,  root  growth 
increased  over  9  sample  days  (Wilk’s  A  =  0.258,  F($,  15)  =  5.406;  P  =  0.002). 
Both  the  IN  (Fq,  n)  =  5.194;  P  =  0.044)  and  OUT  (Fp,  n)  =  18.368;  P  =  0.001) 
maternal  lineages  behaved  (quintically)  as  5th  order  polynomials.  Root 
growth  did  not  differ  between  positions  (F  (1,  22)  =  2.550;  P  =  0.125). 

Differences  in  timing  of  germination  on  the  second  sample  day  of  the  2007 
seeds  could  be  the  result  of  the  IN  maternal  lineages  having  different  dor¬ 
mancy  or  seed-coat  traits  via  the  influence  of  R.  repens,  which  could  derive 
from  natural  selection  of  certain  S.  airoides  maternal  lineages  (Mealor  and 
Hild  2006)  that  exhibit  delayed  onset  of  germination. 
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Figure  17.  Germination  (%)  of  Sporobolus  airoides  by  sample  day  profile  plot  for  a)  2006 
seed  with  18  months  of  after-ripening  and  b)  2006  seed  with  26  months  of  after-ripening. 
Error  bars  represent  ±1  standard  error. 
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Figure  18.  Germination  (%)  of  Sporobo/us  airoides  by  sample  day  profile  plot  for  a)  2007 
seed  with  6  months  of  after-ripening  and  b)  2007  seed  with  14  months  of  after-ripening.  Error 

bars  represent  ±1  standard  error. 
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Figure  19.  Profile  plot  for  cumulative  Sporobo/us  airoides  root  growth  by  IN  and  OUT  positions 
for  a)  2006  (P  =  0.238)  and  b)  2007  seed  (P  =  0.380).  Solid  green  line  represents  the 
commercial  cultivar  (included  for  comparison).  Error  bars  represent  ±1  standard  error. 
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6.3.6. 7  General  Discussion  —  testing  for  phenotype  of  first  and  second 
generation  seedlings  —  plant  traits  in  response  to  long-term  exposure  to 
Rhaponicum  repens 

Competitive  ability  of  particular  maternal  lineages  that  are  fully  grown 
may  substantially  differ  from  their  ability  to  establish  as  seedlings.  Both 
traits  (competitive  ability  at  maturity  and  successful  seedling  establish¬ 
ment)  are  needed  to  maintain  populations.  This  study  assessed  competi¬ 
tive  ability  in  S.  airoides  maternal  lineages  collected  from  within  (IN)  and 
outside  of  (OUT)  R.  repens  invaded  sites.  Seedling  establishment  depends 
particularly  on  germination,  primary  root  growth  following  germination, 
and  the  ability  to  successfully  garner  nutrients  to  ensure  growth  and  sur¬ 
vival.  Here,  germination  and  primary  root  growth  of  43  S.  airoides  mater¬ 
nal  lineages  were  examined  as  a  measure  of  establishment  traits. 

The  maternal  plant  environment  at  the  time  of  seed  maturation  and  the 
genetic  makeup  of  individuals  are  two  very  important  factors  influencing 
seed  germination  (Baskin  and  Baskin  2001)  and  plant  phenotype  (Roach 
and  Wulff  1987).  Since  genetics  and  maternal  plant  environment  at  the 
time  of  seed  maturity  do  not  operate  independently,  difficulty  can  arise 
when  trying  to  determine  the  contribution  of  each  to  the  overall  differenc¬ 
es  in  seed  germination  among  the  same  species  (Baskin  and  Baskin  2001). 
IN  and  OUT  maternal  lineages  of  S.  airoides  were  examined  for  potential 
differences  in  seed  germination  and  primary  root  growth  due  to  genetic 
differences  as  indicators  of  their  ability  to  establish. 

Invasive  species  can  also  alter  the  genetic  makeup  of  native  plant  popula¬ 
tions  (Leger  2008)  and  has  been  documented  in  S.  airoides  populations 
(Mealor  and  Hild  2006).  Seed  germination,  root  growth,  and  establish¬ 
ment  of  propagules  may  be  quite  different  among  maternal  lineages  origi¬ 
nating  from  IN  versus  OUT  positions. 

Seed  germination  and  primary  root  growth  among  maternal  lineages  of  S. 
airoides  seeds  produced  by  maternal  plants  originating  from  invaded  and 
non-invaded  environments  were  tested  to  examine  the  selective  pressures 
of  R.  repens  on  seedling  establishment  traits.  It  was  hypothesized  that  the 
selective  pressures  of  R.  repens  on  S.  airoides  will  influence  germination 
and  seedling  establishment  of  S.  airoides.  Specifically,  this  work  hypothe¬ 
sized  that  seeds  will  either  exhibit  rapid  initial  germination  or  delayed 
germination.  Both  displays  of  seed  germination  would  also  be  coupled 
with  rapid  initial  seedling  root  growth  following  germination.  This  work 
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also  documented  germination  and  root  growth  characteristics  of  IN  and 
OUT  S.  airoides  maternal  lineages  from  2  seed  collection  years  (2006, 
2007). 

Primary  root  (radicle)  growth  is  considered  to  be  one  of  the  most  impor¬ 
tant  stages  in  a  plant’s  life  (Mueller  and  Weaver  1942),  especially  in  arid 
environments  where  water  is  limited  (Sheley  et  al.1993,  Simanton  and 
Jordan  1986).  On  western  rangelands,  rapid  seedling  growth  and  competi¬ 
tive  ability  are  important  for  perennial  grass  competitiveness  with  annual 
grasses  (Aguirre  and  Johnson  1991).  In  arid  grasslands,  water  is  a  key  li¬ 
miting  resource.  Species  with  early  and  rapid  root  growth  are  better  able  to 
provide  moisture  to  the  above-ground  portion  of  the  plant  (Mueller  and 
Weaver  1942)  aiding  plant  establishment  and  growth  in  arid  environments 
(Harris  1967,  Sheley  et  al.  1993). 

Germination  of  seed  from  maternal  plants  is  influenced  by  differing  histo¬ 
ry  of  exposure  to  R.  repens.  Apparently,  seed  germination  is  altered  among 
IN  maternal  lineages,  so  that,  when  optimum  conditions  are  present  for 
germination,  IN  S.  airoides  maternal  lineages  have  either:  (1)  equal  or 
lower  germination  than  OUT  maternal  lineages  early  on,  or  (2)  greater 
germination  later  (sample  day  four).  That  is,  IN  maternal  lineages  seem  to 
delay  germination  relative  to  conspecifics  (OUT  maternal  lineages)  even 
though  optimum  germination  conditions  are  present.  Delayed  germination 
during  optimum  conditions  may  disperse  in  time  and  thus  ensure  greater 
survivability  of  seedlings.  Optimum  seed  germination  conditions  may  only 
be  present  for  a  few  days  during  peak  S.  airoides  seed  germination  periods 
(July).  If  the  majority  of  seeds  germinate  during  optimum  conditions 
(OUT  maternal  lineages),  a  single  detrimental  event  could  prove  fatal  to 
the  majority  of  newly  established  seedlings.  If,  however,  only  half  of  the 
seed  bank  germinates  during  optimum  conditions,  and  then  seedlings  die 
due  to  an  unforeseen  climatic  event  (frost,  flood,  drought),  half  of  the  seed 
bank  still  remains,  waiting  for  later  optimum  conditions  to  arrive  for  seed 
germination.  Later  optimum  conditions  may  not  arrive  until  the  following 
growing  season.  When  seeds  of  a  certain  maternal  lineage  have  delayed 
germination  that  is  spread  out  over  a  number  of  years,  the  probability  of 
seedling  die-off  before  seedlings  can  mature  and  reproduce  is  decreased 
(Clauss  and  Venable  2000).  Delayed  germination  may  be  a  bet-hedging 
strategy  if  it  reduces  temporal  variance  in  reproductive  success  of  a  mater¬ 
nal  lineage  (Clauss  and  Venable  2000).  Reducing  the  variance  (temporal¬ 
ly)  of  reproductive  success  simply  means  that  the  chances  may  be  greater 
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for  more  seedlings  to  survive  and  reach  a  reproductive  stage  during  highly 
variable  conditions.  The  pressures  of  R.  repens  may  be  selecting  for  ma¬ 
ternal  lineages  that  demonstrate  a  delayed  germination  or  bet-hedging 
strategy. 

Another  explanation  of  differences  between  IN  and  OUT  seed  germination 
may  derive  from  seed  coat  permeability  to  water  (Kilen  and  Hartwig  1978). 
IN  maternal  lineages  seed  coats  may  be  less  permeable  to  water,  and  thus 
slower  to  imbibe  than  OUT  maternal  lineages.  If  IN  maternal  lineage  seeds 
take  longer  to  imbibe  water,  seed  germination  and  subsequent  seedling 
establishment  may  be  delayed.  However,  one  must  also  consider  that  other 
factors  could  be  at  play  that  may  influence  S.  airoides  maternal  plants  and 
subsequent  seed  germination  of  their  offspring. 

Differences  between  seed  source  years  (2006,  2007)  may  derive  from  dif¬ 
fering  environmental  conditions  from  year  to  year  during  seed  ripening. 
The  National  Climatic  Data  Center  (NCDC)  (Laramie  2  station)  recorded 
average  monthly  temperatures  for  2006  that  were  slightly  cooler  (July, 
August,  September)  than  average  monthly  temperatures  for  the  same 
months  in  2007.  Average  monthly  precipitation  totals  were  also  slightly 
higher  for  the  same  months  in  2006  than  in  2007.  In  certain  instances, 
wetter,  cooler  conditions  could  enhance  seed  dormancy  (Fenner  2000) 
and  thus  be  a  reason  for  germination  differences  between  seed  source 
years.  Differences  between  seed  source  years  (2006,  2007)  may  not  be 
solely  due  to  differing  after-ripening  periods.  Earlier  in  this  work,  it  was 
determined  that  the  2006  seed  had  18  months  of  after-ripening  and  2007 
seed  had  6  months  of  after-ripening.  The  2007  maternal  lineages  (with  an 
additional  8  months  of  after-ripening)  appear  to  have  lost  their  delay  in 
germination  and  instead  behave  similar  to  the  2007  OUT  maternal  lineag¬ 
es  regardless  of  after-ripening.  Results  of  after-ripening  for  an  additional  8 
months  suggest  that  after-ripening  differences  among  seed  source  years 
may  not  be  the  only  factor  in  explaining  differences  between  seed  source 
years. 

Root  growth  among  the  maternal  lineages  seems  to  be  more  tied  to  indi¬ 
vidual  plant  characteristics  than  it  is  inherent  in  any  particular  IN  or  OUT 
maternal  lineage.  On  average,  IN  maternal  lineages  from  2006  seed  had 
greater  overall  root  growth  than  OUT  maternal  lineages,  and  the  opposite 
was  true  for  the  2007  seed. 
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6.4  Environmental  Simulation  Laboratory 

6.4.1  Above-ground  production  of  Sporobolus  airoides  in  the  ESL 

Longest  leaf  growth  and  inflorescence  production  of  S.  airoides  differed 
among  weed  and  history  treatments  depending  on  date  (Table  13).  S.  air¬ 
oides  initially  had  longer  leaves  when  grown  without  R.  repens,  but  S.  air¬ 
oides  grown  with  R.  repens  had  longer  leaves  after  8  July  2010  (Figure 
20).  Though  initially  different  from  21  January  -  27  May  2010,  invaded 
lineages  of  S.  airoides  did  not  differ  from  non-invaded  lineages  after  that 
time  (Figure  21).  Sporobolus  airoides  in  the  presence  of  R.  repens  pro¬ 
duced  more  inflorescences  than  when  grown  without  R.  repens  (Figure 
22). 


Figure  20.  Length  of  longest  leaf  for  Sporobolus  airoides  (cm)  within  two  weed  treatments 
(+,-)  on  14  sampling  dates  grown  within  a  controlled  environment  (University  of  Wyoming 
Environmental  Simulation  Laboratory).  Means  with  the  same  letters  do  not  differ,  FLSD,  0.05. 
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Figure  21.  Length  of  longest  leaf  for  Sporobolus  airoides(cm)  invaded  and  non-invaded 
lineages  on  14  sampling  dates  grown  within  a  controlled  environment  (University  of  Wyoming 
Environmental  Simulation  Laboratory).  Means  with  the  same  letters  do  not  differ,  FLSD,  0.05. 
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Figure  22.  Inflorescence  production  of  Sporobolus  airoides  with  and  without  the  presence  of 
Raponticum  repens  competitors  (+,  -)  on  14  sampling  dates  grown  within  a  controlled 
environment  (University  of  Wyoming  Environmental  Simulation  Laboratory).  Means  with  the 
same  lowercase  letters  do  not  differ,  FLSD,  0.05.  Measurements  between  the  dates  of  21 
January  2010  and  2  June  2010  are  zero. 
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6.4.2  Germination  and  seedling  establishment  of  Sporobolus  airoides  in 
the  ESL 

After  four  collection  periods,  cumulative  germination  differed  between  all 
treatments  (combined  interaction  of  date,  weed,  and  history  p  =  0.0142, 
Table  14).  Germination  of  non-invaded  S.  airoides  seed  (cumulative  %)  in 
general  did  not  differ  between  R.  repens  treatments  (Figure  23a).  Germina¬ 
tion  (cumulative  %)  of  S.  airoides  seed  from  invaded  lineages  was  greater 
when  competing  with  R.  repens  than  without  R.  repens  (Figure  23b).  Seedl¬ 
ing  establishment  of  S.  airoides  in  seeded  grids  was  minimal  during  the 
study:  invaded  lineages  (no  established  seedlings  total  for  10, 123  cm2  gr¬ 
ids)  and  non-invaded  (100  established  seedlings  total  for  10, 123  cm2  grids). 
Recruitment  of  new  R.  repens  stems  over  the  course  of  the  study  differed 
between  invasion  history  of  neighbors  (p  =  0.0284,  Table  15).  Rhaponticum 
repens  encroachment  for  invaded  lineage  plots  was  less  (2.81  stems  per  1.0 
m2)  compared  to  non-invaded  plots  (3.15  stems  per  1.0  m2)  (Table  16). 


Table  14.  Seedling  germination  Analysis  of  Variance  F-test 
probabilities  (Environmental  Simulation  Laboratory). 


Source 

DF 

Germination 
(Cumulative  %) 

Weed 

1 

0.3259 

Rep(weed) 

8 

- 

History 

1 

0.9301 

Weed  *  history 

1 

0.0830 

Rep*history(weed) 

8 

- 

Date 

3 

<0.0001 

Weed*date 

3 

0.2073 

Date*history 

3 

0.4410 

Weed*date*history 

3 

0.0142 

Residual  error 

48 

- 
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a}  Non-invaded  Lineages 


Time  of  Observation 


b)  Invaded  Lineages 


Time  of  Observation 

Figure  23.  Sporobolus  airoides germination  (cumulative  %)  from  a)  non-invaded  lineage 
history  and  b)  invaded  lineage  history  grown  with  and  without  competition  from  Rhaponticum 
repens  in  controlled  environment  (University  of  Wyoming  Environmental  Simulation 
Laboratory).  Three  way  interaction  of  weed  x  history  x  date  (p=0.0142).  Within  a  date  and 
lineage  history,  means  with  the  same  lowercase  letters  do  not  differ,  FLSD,  0.05.  Germination 
of  non-invaded  lines  did  not  differ  between  weed  treatments  (part  a,  weed  treatment 

p=0.2847). 
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Table  15.  Invasive  encroachment  Analysis  of  Variance  F-test  probabilities  for 
Environmental  Simulation  Laboratory  study.  Source  DF  R.  repens. 


Source 

DF 

R.  repens 
Encroachment 

Date 

13 

<0.0001 

History 

1 

0.0284 

Date*history 

13 

0.9811 

Residual  error 

112 

- 

Table  16.  Invasive  species  encroachment  (stems  per  1.0  m2)  within  plots  at  FEWAFB  and 
Crowheart,  WY.  Invaded,  non-invaded,  disturbed,  and  undisturbed  means  with  the  same  letter 
do  not  differ  for  a  location  (p  >  0.05,  LSD). 


Location 

Invaded 

Non-invaded 

Disturbed 

Undisturbed 

FEWAFB  (C.  arvense) 

46.4  ±  0.9  a 

46.1  ±  0.9  a 

34.8  ±  1.2  b 

31.0  ±  0.9  b 

Crowheart  (ft.  repens) 

12.8  ±  0.4  b 

14.3  ±  0.6  a 

12.5  ±  0.4  b 

11.6  ±  0.4  b 

6.4.3  ESL  results  general  discussion 

Above-ground  production  in  the  ESL  differed  from  the  field  results,  per¬ 
haps  because  light  levels  were  less  intense  in  the  ESL.  Our  ESL  results 
seem  to  reflect  a  response  to  the  increased  light  availability  we  provided  at 
the  midpoint  of  our  study.  Increased  light  intensity  allowed  non-invaded 
lineages  to  catch  up  to  the  invaded  clones.  We  speculate  that  invaded  li¬ 
neages  were  increasing  their  growth  rate  and  were  able  to  expand  leaves  to 
capture  more  light  and  be  more  competitive  in  low  light  conditions,  a  trait 
that  non-invaded  lineages  do  not  seem  to  share.  Sporobolus  airoides  is 
suggested  by  Brackie  and  Anderson  (2007)  to  be  shade  intolerant.  In¬ 
creased  competitive  ability  in  low  light  may  be  an  advantageous  competi¬ 
tive  trait  in  the  presence  of  invaders  capable  of  producing  dense  canopies. 
The  amount  of  light  available  and  competition  from  other  plant  species 
may  also  influence  field  results.  Foliar  cover  of  associated  vegetation  was 
high  at  both  field  sites  in  our  experiment  (Table  17). 


Table  17.  Total  plant  cover  (%)  within  plots  at  FEWAFB  and  Crowheart,  WY. 


Location 

Invaded 

Non- 

invaded 

Disturbed 

Undisturbed 

FEWAFB  (C.  arvense) 

65 

57 

81 

92 

Crowheart  (ft.  repens) 

85 

85 

89 

95 
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ESL  results  for  this  study  may  be  limited  by  the  relatively  short  study  du¬ 
ration.  The  time  that  R.  repens  and  S.  airoides  were  allowed  to  compete 
and  interact  in  the  ESL  (9  months)  is  a  much  less  than  the  amount  of  time 
R.  repens  and  C.  arvense  have  been  established  and  competing  at  the  two 
field  sites.  Because  R.  repens  was  planted  from  root  cuttings,  perhaps 
plants  in  the  ESL  did  not  have  enough  time  to  be  truly  competitive  with 
each  other.  In  the  field  sites  R.  repens  and  C.  arvense  had  established 
roots  below  the  transplanted  clones  at  the  beginning  of  each  field  study 
which  provided  a  more  competitive  environment  for  field  planted  S.  air¬ 
oides  than  for  plants  in  the  ESL. 

6.5  Field  plantings  —  plant  traits  in  response  to  long-term  exposure 
to  Rhaponticum  repens 

6.5.1  Community  of  origin  assessment 

Growth  and  survival  differences  of  collections  from  invaded  and  non- 
invaded  source  communities  depended  on  transplant  site  and  species,  but 
there  were  consistent  differences  between  communities  of  origin.  For  both 
species,  non-invaded  individuals  were  larger  than  invaded  individuals  at 
the  onset  of  the  experiment.  These  absolute  differences  in  size  decreased 
throughout  the  experiment  for  H.  comata,  but  remained  for  S.  airoides 
(Mealor  2006).  Because  of  the  initial  size  differences,  this  study  focused 
on  growth  relative  to  initial  size  to  indicate  potential  for  biomass  produc¬ 
tion  under  invaded  conditions. 

Fewer  H.  comata  from  invaded  populations  survived  for  the  duration  of 
the  experiment  when  transplanted  into  R.  repens  than  H.  comata  from 
non-invaded  populations  (Fi,32  =  8.91;  P  =  0.005).  Survival  and  growth  of 
H.  comata  were  less  at  Fort  Steele  than  at  Laramie  (Fi,  32  =  50.0;  p  < 
0.0001).  Collections  from  non-invaded  communities  had  greater  survival 
than  those  from  invaded  communities  (Fi,32  =  8.91;  P  =  0.0054).  Relative 
tiller  production  (Fi,  32  =  10.3;  P  =  0.003)  and  basal  area  change  (Fi,  32  = 
4.92;  P  =  0.035)  were  greater  for  invaded  populations  than  for  non- 
invaded  populations  at  Laramie  (Figure  24).  Total  performance  of  H. 
comata  was  greater  at  Laramie  than  Fort  Steele,  but  did  not  differ  among 
collection  locations  or  community  of  origin.  Twenty  seven  percent  of  es¬ 
tablished  H.  comata  transplants  from  invaded  communities  produced 
seed  whereas  49  percent  of  transplants  derived  from  non-invaded  com¬ 
munities  produced  seed. 
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Hesp&ruStipa  comate  $ porobolus  airo tees 


Figure  24.  Relative  tiller  production  (a),  change  in  basal  area  (b),  and  overall  performance  (c) 
of  Hesperostipa  comata  and  Sporobo/us  airoides  populations  from  communities  invaded  by 
Rhaponticum  re  pens  and  non-invaded  communities  when  transplanted  into  two  infestations 
of  R.  repens.  Solid  bars  represent  populations  from  invaded  communities,  open  bars  are 
populations  from  non-invaded  communities.  Asterisks  denote  significant  differences  (p  < 
0.01)  between  communities  within  a  field  site. 


Growth  and  survival  differences  of  collections  from  invaded  and  non- 
invaded  source  communities  depended  on  transplant  site  and  species,  but 
there  were  consistent  differences  between  communities  of  origin.  For  both 
species,  non-invaded  individuals  were  larger  than  invaded  individuals  at 
the  onset  of  the  experiment.  These  absolute  differences  in  size  decreased 
throughout  the  experiment  for  H.  comata,  but  remained  for  S.  airoides 
(Mealor  2006).  Because  of  the  initial  size  differences,  this  study  focused 
on  growth  relative  to  initial  size  to  indicate  potential  for  biomass  produc¬ 
tion  under  invaded  conditions. 
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Populations  of  S.  airoides  from  invaded  communities  produced  more  til¬ 
lers  (Fi,47  =  9.07;  P  =  0.004),  increased  basal  area  (Fi,47  =  6.60;  P  = 
0.0031)  and  had  higher  performance  (Fi,47  =  12.59;  P  <0.0001)  than  non- 
invaded  populations  (Figure  25).  Sporobolus  airoides  survival  as  not  dif¬ 
ferent  between  invaded  and  noninvaded  communities  of  origin.  Two  S. 
airoides  transplants  from  invaded  communities  produced  seed  during  the 
monitoring  period,  whereas  transplants  from  noninvaded  communities 
produced  no  seed. 

Fewer  H.  comata  from  invaded  populations  survived  for  the  duration  of 
the  experiment  when  transplanted  into  R.  repens  than  H.  comata  from 
non-invaded  populations  (Fi,32  =  8.91;  P  =  0.005).  Survival  and  growth  of 
H.  comata  were  less  at  Fort  Steele  than  at  Laramie  (Fi,  32  =  50.0;  p  < 
0.0001).  Collections  from  non-invaded  communities  had  greater  survival 
than  those  from  invaded  communities  (Fi,32  =  8.91;  P  =  0.0054).  Relative 
tiller  production  (Fi,  32  =  10.3;  P  =  0.003)  and  basal  area  change  (Fi,  32  = 
4.92;  P  =  0.035)  were  greater  for  invaded  populations  than  for  non¬ 
invaded  populations  at  Laramie  (Figure  24).  Total  performance  of  H. 
comata  was  greater  at  Laramie  than  Fort  Steele,  but  did  not  differ  among 
collection  locations  or  community  of  origin.  Twenty  seven  percent  of  es¬ 
tablished  H.  comata  transplants  from  invaded  communities  produced 
seed  whereas  49  percent  of  transplants  derived  from  non-invaded  com¬ 
munities  produced  seed. 

6.5.2  Tiller  production  —  genets 

Tiller  production  of  individual  H.  comata  did  not  differ  among  genets  at 
the  Fort  Steele  site,  but  did  differ  at  the  Laramie  site  (F19, 80  =  2.83;  P  = 
0.006)  (Figure  25).  At  the  Laramie  site  genets  from  invaded  communities 
grew  more  tillers  relative  to  initial  tiller  number.  Individual  genets  of  S. 
airoides  differed  in  tiller  production  (F29,  i20  =  1.71;  P  =  0.024)  at  Fort 
Steele.  Sporobolus  airoides  tillering  (F29,  i20  =  1.58;  P  =  0.045)  and  change 
in  basal  area  (F29,  120  —  1.  87;  P  =  0.014)  also  differed  among  genotypes  at 
Laramie  (Figure  25).  Genets  with  the  largest  tiller  increase  were  from  in¬ 
vaded  communities.  Sporobolus  airoides  basal  area  showed  a  similar  pat¬ 
tern  (data  not  shown). 
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a)  Hesperostipa  comata 


b)  Sporohotus  airoides 

4  1  A 


invaded  genets  noninvaded  genets 

Figure  25.  Relative  tiller  production  at  the  Laramie  field  site  for  20  Hesperostipa  comata  (a), 
and  30  Sporobo/us  airoides  genotypes  (b).  Within  a  species,  values  with  different  letters  are 

significantly  different  (p  <  0.05,  LSD). 

Cumulative  differences  between  collections  from  invaded  and  non-invaded 
communities  were  species-specific.  Sporobolus  airoides  displayed  a  con¬ 
sistent  positive  response  to  long-term  coexistence  with  R.  repens,  whereas 
the  performance  of  H.  comata  originating  from  invaded  communities  was 
not  different  from  H.  comata  collected  from  non-invaded  communities.  In 
general,  genets  from  invaded  communities  had  fewer  tillers  than  did  ge¬ 
nets  from  non-invaded  communities,  but  their  relative  tiller  production 
(percent  increase)  was  greater  for  genets  from  invaded  communities  at 
both  field  transplant  sites  for  both  grass  species.  Basal  area  increase  and 
overall  performance  of  collections  from  invaded  and  non-invaded  com- 
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munities  of  origin  depended  on  transplant  site  and  grass  species.  The  re¬ 
sults  of  this  portion  of  the  work  continue  to  suggest  that  native  species 
have  the  potential  for  adaptation  to  coexist  with  exotic  invasives,  although 
that  potential  may  differ  among  species. 

6.5.3  Results  of  testing  the  effect  of  long-term  exposure  to  Rhaponticum 
repens  on  native  populations  —  general  discussion 

This  experiment  further  tested  the  hypothesis  that  native  plant  popula¬ 
tions  can  adapt  to  invasion  and  new  neighbors.  More  specifically,  it  ad¬ 
dressed  the  question:  “Do  native  plants  from  communities  long-invaded 
by  R.  repens  exhibit  greater  growth  than  those  from  non-invaded  com¬ 
munities  when  transplanted  into  existing  R.  repens  invasions?”  Multiple 
populations  of  two  native  grass  species,  H.  comata  and  S.  airoides  (col¬ 
lected  from  invaded  and  non-invaded  areas)  were  planted  into  common 
gardens  in  two  R.  repens  infestations  in  Wyoming.  Hesperostipa  comata 
is  a  cool  season  and  S.  airoides  is  a  warm  season  grass  (see  Section  1.3.2 
[p  8]  for  a  description),  and  these  species  with  differences  in  periods  of  ac¬ 
tive  growth  were  selected  to  examine  stress  caused  by  R.  repens  through¬ 
out  the  year.  A  2-year  field  based  experiment  was  used  to  assess  the  influ¬ 
ence  of  plant  species,  community  of  origin,  location  of  collection,  and 
individual  genotype  on  the  ability  of  native  grasses  to  survive  and  grow  in 
dense  R.  repens  invasions.  By  tracking  the  performance  of  individual  ge¬ 
notypes,  it  was  possible  to  assess  whether  genotypic  variation  for  tolerance 
of  R.  repens  invaded  conditions  existed  in  natural  populations  of  native 
grasses. 

6.6  Field  plantings  —  resistance  and  resilience 

We  compared  growth,  seedling  germination  and  establishment,  and  inva¬ 
sive  encroachment  of  S.  airoides  lines  to  test  resistance  and  resilience,  giv¬ 
en  their  invasion  history.  In  this  study  we  tested  resistance  through  above¬ 
ground  growth  of  transplanted  clones  and  the  ability  to  limit  invasive  spe¬ 
cies  encroachment.  We  tested  resilience  through  seedling  germination  and 
establishment  when  competing  with  invaders. 

6.6.1  Growth  of  Sporobolus  airoides  in  field  experiments 

At  the  Crowheart  site,  invaded  lineages  had  longer  leaves,  greater  tillering, 
and  greater  basal  circumference  than  non-invaded  lineages  (Table  18  , 
Figure  26).  Sporobolus  airoides  leaf  production  differed  among  dates, 
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whereas  tillering,  basal  circumference,  and  inflorescence  production  did 
not  (Table  19).  Date  did  not  interact  with  origin  history  treatments  (Table 
19)  Mortality  of  clones  was  negligible  after  the  first  growing  season,  while 
20%  mortality  (10%  of  each  history)  occurred  during  the  second  growing 
season  (via  burrowing  of  small  mammals),  causing  the  loss  of  two  invaded 
and  two  non-invaded  plots  at  Crowheart. 

At  FEWAFB  invaded  lineages  had  longer  leaves,  greater  tillering,  and 
greater  basal  circumference  than  non-invaded  lineages  (Table  20,  Figure 
27).  Inflorescence  production  of  non-invaded  S.  airoides  differed  from  in¬ 
vaded  S.  airoides  on  some  dates  (Table  19).  Inflorescence  production  was 
much  greater  for  invaded  grass  clones  in  the  second  summer  (Figure  28  ). 
At  FEWAFB,  mortality  was  16%  (4  invaded,  12  non-invaded)  by  the  end  of 
the  second  field  season.  No  plots  were  totally  lost  for  either  history. 

6.6.2  Establishment  of  Sporobolus  airoides  and  invasive  species  in  field 
experiments 

At  Crowheart,  cumulative  germination  was  greater  for  invaded  lineages 
than  non-invaded  lineages  (p  =  0.0076,  Table  18  Seedling  establishment 
did  not  differ  by  invasion  history  (Table  18).  Rhaponticum  repens  en¬ 
croachment  was  greatest  for  non-invaded  lineage  plots  and  undisturbed 
(reference  plots)  had  the  lowest  number  of  R.  repens  encroachment  (Table 
16). 


Table  18.  Growth  and  reproduction  of  Soporobo/us  airoides  at  Crowheart,  WY  when 
transplanted  into  Rhaponticum  repens  invasion.  Within  a  growth  trait  (i.e.,  longest  leaf), 
invaded  and  non-invaded  means  with  the  same  letter  do  not  differ  (p  >  0.05,  LSD). 
Inflorescence  production  is  not  presented  because  of  insufficient  results. 


Crowheart 

Longest  Leaf 

Basal  Circ. 

Tiller 

Cumulative 

Germination 

Establishment 

WY 

(cm) 

(cm) 

(No.) 

(%) 

(No.) 

Invaded 

31.8  ±  0.8  a 

9.7  ±0.2  a 

6.2  ±0.2  a 

26.2  ±3.0  a 

0.4  ±0.1  a 

Non-invaded 

24.7  ±  0.8  b 

6.0  ±  0.2  b 

3.0  ±  0.2  b 

14.5  ±  3.0  b 

0.2  ±0.1  a 
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a)  Longest  leaf  Production 


b)  Tiller  Production 


c)  Basal  Circumference 


Figure  26.  Sporobo/us  airoides  growth  production  at  Crowheart,  WY  for  two  growing  seasons 
(eight  sampling  dates);  (a)  longest  leaf  production,  (b)  tiller  production,  (c)  basal 
circumference.  In  no  case  (a,  b,  or  c)  was  interaction  of  history  by  date  significant  (a.  p  = 
0.1866,  b.  p  =  0.8124,  c.  p  =  0.3912). 
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Table  19.  Sporobolus  airoides  growth  trait  Analysis  of  Variance  F-test  probabilities  for  data 
collected  at  Crowheart  and  FEWAFB,  WY  transplant  field  sites. 


Source 

DF 

Longest 

Leaf 

Basal 

Circumference 

Tiller 

Flower 

Crowheart 

- 

- 

- 

- 

- 

Date 

7 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

History 

1 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

History*  Date 

7 

0.1866 

0.3912 

0.8124 

<0.0001 

Error  C 

144 

- 

- 

- 

- 

FEWAFB 

- 

- 

- 

- 

- 

Date 

7 

<0.0001 

0.3237 

0.9599 

0.6406 

History 

1 

<0.0001 

<0.0001 

<0.0001 

0.0819 

History*  Date 

7 

0.9230 

0.4499 

0.9879 

0.6409 

Error  C 

127 

- 

- 

- 

- 

Table  20.  Growth  and  reproduction  of  Sporobolus  airoides  at  FEWAFB,  WY  when  transplanted 
into  Cirsium  arvense  invasion.  Within  a  growth  trait  (i.e.,  longest  leaf),  invaded  and  non- 
invaded  means  with  the  same  letter  do  not  differ  (p  >  0.05,  LSD).  Inflorescence  production  is 
not  presented  because  of  insufficient  results. 


FEWAFB, 

Wyoming 

Longest  Leaf 
(cm) 

Basal 

Circumference 

(cm) 

Tiller 

(No.) 

Cumulative 

Germination 

(%) 

Establishment 

(No.) 

Invaded 

31.9  ±  0.6  a 

10.7  ±  0.2  a 

8.2  ±  0.2  a 

15.1  ±  2.3  a 

1.4  ±  0.3  a 

Non-  invaded 

24.0  ±  0.7  b 

7.0  ±  0.2  b 

4.4  ±  0.2  b 

10.5  ±  2.3  a 

1.3  ±  0.3  a 
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a)  Longest  Leaf  Production 


b]  Tiller  Production 


c)  Basal  Circumference 


Figure  27.  Sporobolus  airoides growth  production  at  FEWAFB,  WY  for  two  growing  seasons 
(eight  sampling  dates);  (a)  longest  leaf  production,  (b)  tiller  production,  (c)  basal 
circumference.  In  no  case  (a,  b,  or  c)  was  interaction  of  history  by  date  significant  (a.  p  = 
0.9230,  b.  p  =  0.9879,  c.  p  =  0.499). 


Inflorescences  (No. /Plant) 
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Figure  28.  Mean  inflorescence  production  per  plant  at  FEWAFB,  WY.  Means  with  the  same 
lowercase  letters  do  not  differ,  FLSD,  0.05. 

At  FEWAFB,  germination  (cumulative  %)  and  establishment  of  S.  airoides 
seedlings  differed  across  all  dates  (p  <  o.oooi,  Tables  21  and  22),  but  did 
not  differ  between  lineage  history.  Cirsium  arvense  encroachment  was 
greatest  for  invaded  lineage  plots  and  lowest  for  undisturbed  plots.  Rha- 
ponticum  repens  encroachment  was  greatest  for  non-invaded  lineage  plots, 
while  undisturbed  plots  had  lowest  encroachment  (Table  16 ).  Invasive  en¬ 
croachment  was  different  for  all  dates  for  both  sites  (p  <  0.0001,  Table  23). 

Table  21.  Sporobolus  airoides  seedling  germination  Analysis  of  Variance  F-test  probabilities 

at  Crowheart  and  FEWAFB,  WY. 


Source 

DF 

Germination 
at  FEWAFB 

Germination 
at  Crowheart 

Date 

3 

<0.0001 

<0.0001 

Position 

1 

0.1660 

0.0076 

Position*date 

3 

0.9706 

0.2241 

Error  residual 

72 

- 

- 
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Table  22.  Sporobo/us  airoides  seedling  establishment  Analysis  of  Variance  F-test 
probabilities  at  Crowheart  and  FEWAFB,  WY. 


Source 

DF 

Seedling  Establishment 
at  FEWAFB 

Seedling  Establishment 
at  Crowheart 

Date 

7 

0.0004 

<0.0001 

History 

1 

0.7940 

0.1488 

History*date 

7 

0.6893 

0.9972 

Error  residual 

144 

- 

- 

Table  23.  Invasive  species  encroachment  within  plots  Analysis  of  Variance  F-test  probabilities 

at  Crowheart  and  FEWAFB,  WY. 


Source 

DF 

Invasive  encroachment 
FEWAFB 

Invasive  encroachment 
Crowheart 

Date 

7 

<0.0001 

0.0110 

History 

3 

<0.0001 

0.0002 

History*date 

21 

0.0545 

0.3114 

Error  residual 

288 

- 

- 

6.6.3  Field  planting  and  ESL  resistance  and  resilience  results  -  general 
discussion 


This  research  tested  the  ability  of  S.  airoides  to  tolerate  and  reproduce  in 
the  presence  of  NIPS  ( R .  repens  and  C.  arvense ),  in  studies  conducted  at 
two  field  sites  and  within  a  controlled  growth  chamber  (ESL).  Potential 
resilience  was  documented  via  grass  seedling  germination  and  establish¬ 
ment  within  invasions,  whereas  resistance  was  recorded  as  growth  of  S. 
airoides  and  its  ability  to  limit  encroachment  of  the  invader.  Species  that 
exhibit  resilience  should  be  able  to  persist  in  the  presence  of  invaders  and 
continue  to  recruit  cohorts  that  can  establish  and  reach  sexual  maturity. 
Growth  of  transplanted  grass  clones  was  measured  using  longest  leaf,  bas¬ 
al  circumference,  tillers,  and  flowering  to  examine  competitiveness  of  ma¬ 
ture  grass  lineages  to  the  re-entry  of  the  exotics  (resistance).  S.  airoides 
used  in  this  study  was  derived  from  maternal  lineages  collected  from  dis¬ 
tinct  invasive  histories.  The  lineages  were  separated  into  two  populations, 
invaded  (maternal  lineages  with  a  past  history  of  living  among  exotics  in¬ 
vasions  ranging  from  25  to  75  years)  and  non-invaded  (maternal  lineages 
having  no  past  history  of  exposure  to  exotics). 

We  hypothesize  that  invaded  lineages  should  produce  greater  above-ground 
growth,  higher  germination,  and  have  greater  establishment  in  the  presence 
of  invaders  than  non-invaded  lineages.  Implications  from  this  research  are 
useful  for  understanding  impacts  of  invaders  on  native  grass  resistance  and 
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resilience.  Our  field  transplant  studies  test  grasses  in  competition  with  two 
invasives  to  complement  earlier  work  by  Mealor  et  al.  (2004),  Mealor  and 
Hild  (2006),  Mealor  and  Hild  (2007),  Ferrero-Serrano  et  al.  (2008,  2009), 
Bartlett  (2009),  and  Bergum  et  al.  (2010).  This  study  relates  to  reclamation 
reseeding  practices  by  documenting  if  there  is  potential  benefit  to  using 
seed  derived  from  grass  populations  surviving  in  the  presence  of  invasive 
species.  Seeds  and  plants  with  high  establishment,  germination,  above¬ 
ground  growth,  and  decreased  invasive  encroachment  are  advantageous  for 
sites  exposed  and  that  have  the  potential  to  invasive  pressure. 

This  study  was  designed  to  test  competitive  abilities  of  S.  airoides  popula¬ 
tions  differing  in  invasion  history  (invaded  and  non-invaded).  Other  stu¬ 
dies  suggest  that  the  two  populations  with  different  histories  of  invasion 
differ  genetically  and  phenotypically  (Mealor  et  al.  2004,  Mealor  and  Hild 
2006,  Bergum  et  al.  2010).  We  observed  differences  in  growth  and  repro¬ 
duction  characteristics  between  the  lineages  differing  in  history  of  expo¬ 
sure  to  invasion.  Our  results  suggest  that  invaded  and  non-invaded  lineag¬ 
es  differ  in  their  ability  to  grow,  germinate,  and  prevent  encroachment 
when  competing  with  R.  repens  and  C.  arvense.  Invaded  lines  had  longer 
leaves,  greater  basal  circumference,  greater  tillers,  and  more  inflorescence 
production  than  non-invaded  lineages  at  both  field  locations.  Initial  size  of 
clones  for  the  field  experiments  also  varied  and  we  did  not  test  for  differ¬ 
ences  between  clones  depending  on  the  two  histories  on  the  initial  plant¬ 
ing  date.  If  initial  size  differences  occurred,  they  may  affect  our  interpreta¬ 
tions  of  the  results  (Figures  26  and  27).  This  trend  was  not  as  strongly 
demonstrated  in  the  ESL  (only  leaf  length  was  greater  for  invaded  lines). 

In  addition,  invaded  lineages  were  more  resistant  to  re-invasion  when 
competing  with  R.  repens.  The  lack  of  differences  in  the  ESL  may  be  par¬ 
tially  related  to  relative  light  duration  during  the  study. 

The  differences  we  observe  in  clone  production  (e.g.,  greater  relative  in¬ 
crease  in  tillering  of  invaded  lineages  than  non-invaded  lineages  when 
planted  with  R.  repens  and  C.  arvense )  parallel  previous  research  under 
this  overall  study  effort  (Mealor  and  Hild  2007,  Ferrero-Serrano  et  al. 
2009).  At  both  field  locations,  above-ground  growth  of  the  individual 
grasses  was  larger  with  either  NIPS.  Selection  for  greater  aboveground 
production  may  allow  the  coexistence  of  our  invaded  lineages  with  inva¬ 
sive  species. 
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Invasive  encroachment  may  be  an  important  measure  of  resistance.  Ferre- 
ro-Serrano  et  al.  (2008),  using  pot  experimentation,  suggest  that  S.  air- 
oides  invaded  lineages  produced  greater  root  biomass  than  non-invaded 
lineages,  which  one  might  expect  to  limit  invasion  encroachment.  Our  field 
results  substantiated  such  expectations:  at  Crowheart  the  R.  repens  inva¬ 
sion  and  the  ESL  invaded  plots  had  less  encroachment  than  non-invaded 
lineages,  yet  not  at  FEWAFB  in  C.  arvense  invasion.  However,  R.  repens 
was  not  slowed  by  invaded  grasses.  We  did  not  remove  any  plants  or  find 
any  roots  using  the  Minirhizotron  observation  tubes  in  the  ESL  study  to 
detect  any  differences  in  root  biomass.  Continued  field  and  controlled  en¬ 
vironment  studies  that  measure  below  ground  biomass  are  needed.  Differ¬ 
ences  in  invasive  species  densities  may  have  also  influenced  these  result 
with  Crowheart  at  18  A.  repens  stems/  1.0  m2  compared  to  FEWAFB  at  61 
C.  arvense  stems/  1.0  m2.  Different  densities  may  have  also  influenced 
other  above-ground  production  results  by  increased  competition  for  nu¬ 
trients  light,  and  water  needed  for  growth. 

Sporobolus  airoides  seedling  germination  and  establishment  were  used  in 
our  study  to  reflect  resilience.  Our  results  differ  from  controlled  growth 
chamber  experiments  in  petri  dishes  (this  report  (Section  6.3.6.4  ,  p  73, 
[Bartlett  2009])  that  noted  slightly  delayed  germination  of  invaded  seedl¬ 
ing  lineages.  We  could  not  monitor  daily,  but  our  cumulative  field  germi¬ 
nation  was  greater  for  invaded  lineages  planted  in  R.  repens  at  Crowheart 
and  in  the  ESL,  but  not  as  great  when  planted  with  the  novel  invader,  C. 
arvense.  It  is  possible  that  particular  soil  characteristics  may  trigger  great¬ 
er  germination  of  invaded  seedling  lineages  than  non-invaded  seedling  li¬ 
neages  in  the  presence  of  R.  repens,  (the  invader  with  which  the  lineages 
had  historic  exposure).  In  the  ESL,  litter  cover  was  low  and  initially  the 
same  in  both  pits,  but  increases  in  litter  associated  with  R.  repens  growth 
may  have  facilitated  germination  for  invaded  seedling  exposed  to  R.  re¬ 
pens.  Small  amounts  of  litter  in  the  R.  repens  pit  may  have  increased  wa¬ 
ter  infiltration  and  soil  moisture.  Grant  et  al.  (2003)  suggest  that  native 
seed  germination  is  decreased  with  exposure  to  R.  repens.  However, 
whether  this  potential  is  related  to  allelochemical  production  is  undeter¬ 
mined  (Stermitz  2003,  2009).  We  did  not  document  litter  in  our  study  and 
allelochemicals  do  not  appear  to  have  been  present  in  the  ESL. 

Above-ground  production  can  be  measured  more  easily  in  two  field  seasons 
and  one  growth  period  than  seedling  germination  and  establishment,  which 
may  take  longer  time  to  measure  for  seedlings  reach  maturity.  Our  germina- 
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tion  and  establishment  results  are  not  compelling  because  we  lacked  high 
rates  of  seedling  emergence  and  survival.  Seedling  germination  and  estab¬ 
lishment  are  more  influenced  by  fluctuations  in  yearly  climate  factors  be¬ 
cause  of  close  proximity  to  the  soil  surface  compared  clone  roots  occupying 
deeper  soil.  Climatic  differences  may  have  influenced  results. 

Our  results  indicate  that  invaded  lineages  demonstrate  some  traits  that 
may  favor  resistance  and  resilience  when  competing  with  R.  repens.  Co¬ 
evolution  of  invaders  and  native  species  is  a  difficult  area  of  study  requir¬ 
ing  future  research  and  testing  (Aarssen  et  al.  1983,  Strauss  et  al.  2006). 
Using  the  ESL  to  impose  a  variety  of  climatic  conditions  and  R.  repens 
densities,  may  help  tease  out  other  competitive  traits  that  were  not  easily 
detected  thus  far.  Results  from  this  study  have  real  world  application  to 
restoration  settings.  Revegetation  of  disturbed  areas  with  competitive  na¬ 
tive  plant  species  instead  of  non-native  species  is  important  to  maintain 
the  longevity  of  biodiversity  of  desirable  plants  (Linhart  1995,  Mangold  et 
al.  2007).  Planting  native  species  with  invasive  history  may  augment  bio¬ 
diversity  and  in  turn,  increase  native  ecosystem  resistance  and  resilience 
to  invasion  (Kennedy  et  al.  2002). 

6.7  How  to  select  candidate  genotypes  from  the  invaded  and  non- 
invaded  sub-populations. 

Selecting  successful  competitors  in  native  grasses  is  important  to  reclama¬ 
tion  where  invasive  species  are  likely  to  enter  the  site.  Within  a  native 
grass  species,  some  individuals  may  have  the  ability  to  survive  and  repro¬ 
duce  while  competing  with  invasives  for  resources.  We  identified  promis¬ 
ing  genotypes  of  S.  airoides  by  unifying  past  competition  experiments  with 
R.  repens  and  C.  arvense.  We  developed  a  Biological  Screening  Process 
(BSP)  that  identifies  promising  genotypes  collected  from  within  (IN)  and 
outside  of  (OUT)  areas  invaded  by  A.  repens.  Using  past  experiments  con¬ 
ducted  by  Ferrero-Serrano  et  al.  (2006,  2008),  Mealor  and  Hild  (2004, 
2006,  and  2007),  and  unpublished  germination  and  root  growth  experi¬ 
ments  using  IN  and  OUT  genotypes  of  S.  airoides,  the  BSP  is  a  process  to 
select  S.  airoides  genotypes  that  may  possess  enhanced  competitive  ability 
against  R.  repens  or  C.  arvense.  Our  BSP  is  essentially  a  discrimination 
tool  that  evaluates  and  categorizes  genotypes  for  their  competitive  ability 
against  C.  arvense  or  R.  repens  from  past  experiments. 

The  development  of  a  Biological  Screening  Process  for  genotypes  depends 
on  the  statistical  results  from  a  large  number  of  studies,  pooled  for  an 
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overall  assessment.  However,  there  is  no  known  statistical  test  to  include 
the  results  of  a  variety  of  datasets,  and  experimental  outcomes.  Thus,  the 
problem  was  approached  as  a  decision  tool  schematic  to  incorporate  all 
experimental  outcomes.  Because  “competitive  success”  is  a  hotly  discussed 
topic  in  plant  ecology,  there  is  no  one  measure  that  can  be  clearly  tied  to 
competitive  ability.  Thus,  in  extreme  environments,  competitive  superior 
genotypes  may  have  greater  vegetative  growth  below  ground,  or  in  nu¬ 
trient  rich  environments,  superior  competitive  ability  may  be  conferred 
with  the  ability  to  attain  great  height  and  shade  out  neighbors.  This  study’s 
screening  process  evaluates  outcomes  from  all  experiments  to  determine 
prevalence  of  favorable  outcomes  together.  This  is  not  statistically  tested, 
although  statistical  tests  from  all  experiments  are  reported  here.  Addition¬ 
al  consideration  should  be  given  to  the  notion  that  “superior”  competitive 
ability  is  only  demonstrated  in  comparison  with  non-invaded  or  “inferior” 
competitors  of  the  same  species.  For  this  reason,  a  variety  of  genotypes 
were  used,  both  promising  and  less  promising  ones,  to  provide  clear  con¬ 
trasts.  Thus,  both  types  of  genotypes  were  included  in  subsequent  study. 
Had  only  promising  genotypes  been  used,  this  work  would  not  have  had  a 
comparator  set  of  genotypes. 

6.7.1  BSP  competitor  categories 

The  BSP  places  the  50  maternal  lineages  into  three  (strong,  moderate,  or 
unlikely)  competitor  categories  based  on  their  growth  or  performance  in 
the  experiments  (Figure  29;  Table  11).  Starting  with  the  first  series  of  ex¬ 
periments  (immediately  to  the  right  of  the  starting  point  located  on  the  left 
side  of  the  BSP),  specific  competition  questions  were  asked  of  the  S.  air- 
oides  maternal  lineages,  which  include  S.  airoides  competitive  response  in 
the  presence  of  R.  repens  in  a  field  experiment  and  S.  airoides  competitive 
effect  while  in  the  presence  of  R.  repens  and  C.  arvense  in  greenhouse  ex¬ 
periments.  Maternal  lineages  that  possessed  the  ability  to  compete  with  R. 
repens  or  C.  arvense  ended  up  in  a  resulting  box  located  immediately  be¬ 
low  the  corresponding  question  box,  and  were  successful  maternal  lineag¬ 
es  in  that  portion  of  the  BSP. 

Maternal  lineages  that  did  not  possess  the  ability  to  compete  with  R.  re¬ 
pens  or  C.  arvense  (unsuccessful  maternal  lineages)  were  not  placed  in 
any  boxes.  After  moving  through  the  first  series  of  experiment  questions 
regarding  competition,  additional  questions  regarding  competition  were 
asked  of  the  original  pool  of  50  maternal  lineages  (STEP  2).  These  ques¬ 
tions  were  based  on  above-  and  below-ground  productivity  in  the  presence 
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of  C.  arvense  and  a  stem-mining  weevil.  Root  growth  and  germination  ex¬ 
periment  questions  were  then  asked  of  the  pool  of  50  maternal  lineages 
(STEP  3),  and  finally,  an  exceptional  (fully  developed  or  larger)  seed 
weight  question  was  asked,  again  of  the  original  pool  of  50  maternal  li¬ 
neages  (STEP  4). 

A  competitor  code  was  then  established  for  each  maternal  lineage  based 
on  its  performance  in  the  BSP  (Table  24).  For  example,  a  competitor  code 
of  “ccrgs”  represents  a  maternal  lineage  that  was  successful  in  two  compe¬ 
tition  experiments  (designated  by  two  letter  Vs”),  the  root  growth  expe¬ 
riment  (designated  by  the  letter  “r”),  the  germination  experiment  (desig¬ 
nated  by  the  letter  “g”),  and  the  seed  weight  experiment  (designated  by  the 
letter  “s”).  A  competitor  code  of  “eg”  represents  a  maternal  lineage  that 
was  successful  in  only  one  competition  experiment  and  the  germination 
experiment.  More  of  the  letter  Vs”  equates  to  maternal  lineages  that  were 
successful  in  multiple  competition  experiments. 

This  study’s  selections  of  strong  competitor  maternal  lineages  demonstrat¬ 
ed  competitive  success  in  at  least  two  of  the  experiments  involving  com¬ 
petitive  response,  competitive  effect,  and  increased  above-  or  below¬ 
ground  growth  in  past  competition  experiments  with  R.  repens  or  C.  ar¬ 
vense.  Maternal  lineages  that  were  placed  in  the  moderate  competitor  cat¬ 
egory  were  only  successful  in  one  of  the  competition  experiments.  Mater¬ 
nal  lineages  in  the  unlikely  competitor  category  were  either  unsuccessful 
in  any  of  the  competition  experiments  or  were  not  included  in  as  many  ex¬ 
periments  and  therefore,  may  not  actually  be  unlikely  competitors. 

Once  BSP  competitive  categories  were  determined  for  competition,  this 
study  used  seed  germination  and  root  growth  results  to  examine  seedling 
competitive  potential  and  compared  it  to  BSP  competitive  categories. 
Competitive  potential  here  represents  seedlings  with  high  germination 
percentages  and  rapid  initial  root  growth.  The  resulting  competitive  cate¬ 
gories  in  the  BSP  classify  maternal  lineages  for  sorting  purposes,  and  cor¬ 
respond  to  S.  airoides  maternal  lineages  that  reflect  strong,  moderate,  or 
little  promise  in  competitive  ability  against  R.  repens  or  C.  arvense. 
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Figure  29.  Biological  Screening  Process  to  assess  and  select  competitive  Sporobolus  airoides  maternal  lineages  based  on  past 
competition  experiments.  Location  of  maternal  plant  collections  were  Naturita,  CO  (bgv),  Greybull,  WY  (gb),  and  Laramie,  WY  (mono). 


ERDC/CERL  TR-11-28 


104 


Table  24.  Maternal  lineages  corresponding  with  the  BSP,  their  code,  and  their  final 

competitor  category  ranking. 


Maternal 

lineage 

Code 

Competitor 

Category 

Maternal 

lineage 

Code 

Competitor 

Category 

Bgv  in  6 

ccgr 

strong 

Gb  in  5 

c 

moderate 

Bgv  out  1 

cc 

strong 

Gb  out  4 

cs 

moderate 

Bgv  out  7 

ccc 

strong 

Gb  out  7 

csgr 

moderate 

Gb  in  4 

cccc 

strong 

Gb  out  8 

csgr 

moderate 

Gb  in  6 

ccccsgr 

strong 

Mono  out  2 

csgr 

moderate 

IN  D 

CCS 

strong 

Gb  out  1 

N/A 

unlikely 

Mono  in  3 

ccsg 

strong 

Mono  in  4 

N/A 

unlikely 

Bgv  in  8 

ccg 

strong 

Mono  out  3 

s 

unlikely 

Bgvout  3 

cc 

strong 

Mono  out  4 

N/A 

unlikely 

Gb  in  2 

cc 

strong 

Mono  out  6 

N/A 

unlikely 

Gb  in  7 

cc 

strong 

Mono  out  8 

s 

unlikely 

Mono  in  7 

ccsg 

strong 

Mono  out  5 

s 

unlikely 

Bgv  out  10 

c 

moderate 

Bgv  in  1 

sgr 

unlikely 

Ggv  out  2 

c 

moderate 

Gb  out  3 

gr 

unlikely 

Ggv  out  9 

c 

moderate 

Mono  in  1 

sgr 

unlikely 

Gb  out  2 

c 

moderate 

Mono  in  6 

sgr 

unlikely 

Gb  out  5 

c 

moderate 

Mono  out  1 

sgr 

unlikely 

Gb  out  6 

c 

moderate 

Mono  out  7 

sgr 

unlikely 

Mono  in  2 

c 

moderate 

Bgv  in  2 

s 

unlikely 

Mono  in  8 

c 

moderate 

Bgv  in  4 

N/A 

unlikely 

Bg  vin  10 

cs 

moderate 

Bgv  in  7 

N/A 

unlikely 

Bg  vin  3 

csg 

moderate 

Bgv  out  4 

s 

unlikely 

Bgv  in  9 

cgr 

moderate 

Bgv  out  8 

N/A 

unlikely 

Bgv  out  5 

cs 

moderate 

Gb  in  ? 

N/A 

unlikely 

Gb  in  1 

c 

moderate 

Gb  in  3 

N/A 

unlikely 

Of  the  50  S.  airoides  maternal  lineages  screened,  12  were  categorized  as 
showing  strong  promise  as  competitors,  24  were  categorized  as  moderate 
competitors,  and  14  were  categorized  as  unlikely  competitors  (Table  24). 
Maternal  lineages  ranked  in  the  strong  competitor  category  were  successful 
in  at  least  two  competition  experiments  against  C.  arvense  or  R.  repens. 
Some  of  the  strong  competitors  were  also  successful  in  the  germination  or 
root  growth  experiments  and  had  heavy  seed  weights  (Table  25).  Maternal 
lineages  ranked  in  the  moderate  competitor  category  were  successful  in  at 
least  one  competition  experiment  against  C.  arvense  or  R.  repens,  but  may 
not  have  been  successful  in  the  germination  or  root  growth  experiments  or 
had  heavy  seed  weights.  Maternal  lineages  ranked  in  the  unlikely  competi¬ 
tor  category  did  not  rank  in  any  of  the  competition  experiments. 
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More  maternal  lineages  in  the  strong  competitor  category  were  IN  mater¬ 
nal  lineages  (9  of  50  or  18  percent)  than  OUT  maternal  lineages  (3  of  50  or 
6  percent).  In  the  moderate  competitor  category,  IN  maternal  lineages  (7 
of  50  or  14  percent)  were  outnumbered  by  OUT  maternal  lineages  (11  of  50 
or  22  percent).  Fewer  unlikely  competitors  were  IN  maternal  lineages  (9  of 
50  or  18  percent)  than  OUT  maternal  lineages  (11  of  50  or  22  percent).  Dif¬ 
ferences  between  IN  and  OUT  competitive  ability  are  most  apparent  in  the 
Greybull  (gb)  population  (Table  26).  However,  these  results  are  not  statis¬ 
tically  significant. 


Table  25.  Maternal  lineages,  their  associated  seed  weights  (per  seed  in  grams)  and  the  rank 
the  maternal  lineage  received  (based  on  45  maternal  lineages  examined). 


Maternal  lineage 

Weight/Seed 

Rank 

Maternal  lineage 

Weight/Seed 

Rank 

Bgv  in  1 

0.0002502 

12 

Gb  in  7 

0.0001973 

29 

Bgv  in  10 

0.0002412 

15 

Gb  out  2 

0.0002056 

26 

Bgv  in  2 

0.0002471 

14 

Gb  out  3 

0.0002164 

23 

Bgv  in  3 

0.0002498 

13 

Gb  out  4 

0.0002954 

5 

Bgv  in  4 

0.0001435 

40 

Gb  out  6 

0.0001579 

38 

Bgv  in  5 

0.0002020 

27 

Gb  out  7 

0.0003261 

2 

Bgv  in  6 

0.0001808 

32 

Gb  out  8 

0.0002369 

16 

Bgv  in  7 

0.0001692 

36 

IN  D 

0.0002241 

21 

Bgv  in  8 

0.0001146 

42 

IN  ? 

0.0002332 

18 

Bgv  in  9 

0.0002109 

24 

Mono  in  1 

0.0002837 

8 

Bgv  out  1 

0.0001897 

31 

Mono  in  2 

0.0000000 

45 

Bgv  out  10 

0.0001260 

41 

Mono  in  3 

0.0002942 

6 

Bgv  out  2 

0.0001737 

35 

Mono  in  6 

0.0002554 

10 

Bgv  out  4 

0.0002238 

22 

Mono  in  7 

0.0004702 

1 

Bgv  out  5 

0.0002247 

20 

Mono  in  8 

0.0001772 

33 

Bgv  out  6 

0.0001760 

34 

Mono  out  1 

0.0002955 

4 

Bgv  out  7 

0.0000507 

43 

Mono  out  2 

0.0002590 

9 

Bgv  out  8 

0.0001506 

39 

Mono  out  3 

0.0002541 

11 

Bgv  out  9 

0.0001585 

37 

Mono  out  5 

0.0002256 

19 

Gbin? 

0.0001910 

30 

Mono  out  6 

0.0002000 

28 

Gb  in  2 

0.0000486 

44 

Mono  out  7 

0.0003227 

3 

Gb  in  5 

0.0002107 

25 

Mono  out  8 

0.0002333 

17 

Gb  in  6 

0.0002933 

7 
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Table  26.  Number  of  Sporobolus  airoides  maternal  lineages  falling  into  three  competitive 

categories  as  determined  by  the  BSP. 


Maternal  lineage 

Competitor  Category 

Location 

Position 

Strong 

Moderate 

Unlikely 

Naturita,  CO  (Bgv) 

IN 

2 

4 

3 

OUT 

3 

4 

2 

Greybull,  WY(Gb) 

IN 

4 

2 

2 

OUT 

0 

7 

1 

Laramie,  WY  (Mono) 

IN 

2 

4 

1 

OUT 

0 

3 

5 

Unknown 

IN 

1 

0 

0 

Table  27.  Number  of  Sporobolus  airoides  maternal  lineages  falling  into  two  competitive 
categories  as  determined  by  the  BSP. 


Location 

Position 

Competitive 

Non-Competitive 

Samples 

Bgv 

IN 

2 

7 

9 

Bgv 

OUT 

3 

6 

9 

Gb 

IN 

4 

4 

8 

Gb 

OUT 

0 

8 

8 

Mono 

IN 

2 

5 

7 

Mono 

OUT 

0 

8 

8 

TOTAL 

IN 

8 

16 

24 

OUT 

3 

22 

25 

Nonetheless,  as  an  alternative  analysis,  the  three  competitor  categories  are 
collapsed  into  two  categories  (Table  27),  “ Competitive” =“ Strong”  and 
“Non-Competitive”=“Moderate”  and  “Unlikely.”  With  the  Location  “Un¬ 
known”  excluded,  a  generalized  linear  model  approach  based  on  a  logistic 
regression  can  be  used  to  analyze  the  binary  competitor  categories  to  an¬ 
swer  the  questions:  (1)  “In  the  Strong  category,  are  the  INs  significantly 
more  numerous  that  the  OUTs?”;  and  (2)  “and/or  is  the  distribution  of 
Strong  INs  and  OUTs  different  from  that  that  might  be  expected  in  that 
category  (or  across  the  board  in  all  categories)?” 

Although  only  moderately  significant  (p=o.o842),  there  appears  to  be 
more  INs  than  OUTs  in  the  Competitive  category,  while  in  the  Non- 
Competitive  category,  there  are  a  significantly  more  OUTS  than  INs 
(p=0.03i2).  With  logistic  regression,  the  probabilities  for  the  Competitive 
category  can  be  predicted  for  the  INs  and  OUTs  positions  (Figure  30). 
Clearly,  in  the  Competitive  category,  the  IN  probability  is  higher  than  the 


ERDC/CERL  TR-11-28 


107 


OUT  (Figure  30).  Similar  probabilities  for  the  Competitive  category  can  be 
predicted  by  Position  and  Location  (Figure  31).  In  this  instance,  the  pre¬ 
dicted  probabilities  for  the  Competitive  category  tend  to  be  higher  for  the 
INs  versus  OUTs  for  each  location. 


Predicted  Probabilities  for  Competitor_Category=Competitive 


1.00  - 


0.75 


2  0.50  - 


0.25  - 


0.00  - 


OUT 


Position 


Figure  30.  Predicted  probabilities  by  position  for  Competitor  Category  =  Competitive. 


Predicted  Probabilities  for  Competitor_Category=Competitive 


Location  *  Position 


Figure  31.  Predicted  probabilities  for  Competitor  category  =  Competitive  by  position  and 

location. 
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There  is  a  highly  significant  difference  than  what  be  expected  by  chance 
(p=o.ooc>4)  in  the  distribution  of  Competitive  INs  and  OUTS  versus  the 
Non-Competitive  INs  and  OUTS.  This  is  clear  when  inspecting  the  totals 
on  the  bottom  of  Table  27. 

Taken  in  total  these  results  do  offer  some  insight  and  support  as  to  what 
Mealor  and  Hild  (2007)  suggested  in  that  native  species  (S.  airoides )  may 
be  adapting  to  coexist  with  R.  repens.  Furthermore,  these  results  support 
the  supposition  that  the  results  of  BPS  process  used,  accurately  reflects  the 
competitive  and  non-competitive  categories  and  subsequently  can  be  used 
to  help  predict  response  in  further  investigative  research. 

The  resulting  BSP  competitor  categories  developed  are  also  compared  us¬ 
ing  the  same  maternal  lineages  in  a  germination  and  root  growth  experi¬ 
ments.  Most  of  the  experiments  used  in  the  BSP  examined  mature  plants 
so  germination  and  root  growth  experiments  were  designed  to  assess  the 
BSP  categories  as  indicators  of  seedling  potential.  Thus,  the  germination 
and  root  growth  experiments  add  breadth  to  the  competitive  assessment  of 
S.  airoides  maternal  lineages  by  examining  seedling  potential. 

This  assessment  compiles  a  series  of  experiments  using  S.  airoides  com¬ 
petitive  response  against  R.  repens;  competitive  effect  against  R.  repens 
and  C.  arvense,  and  S.  airoides  maternal  plant  attributes  to  assess  perfor¬ 
mance  of  individual  maternal  lineages  from  within  and  outside  of  inva¬ 
sions.  This  study  developed  a  BSP  to  sort  and  select  S.  airoides  maternal 
lineages  that  may  have  increased  competitive  ability  in  the  face  of  compe¬ 
tition  from  R.  repens  (competitive  response),  or  that  have  the  competitive 
ability  to  suppress  R.  repens  or  C.  arvense  (competitive  effect).  Competi¬ 
tive  response  in  this  sense  is  the  ability  of  an  individual  (S.  airoides )  to 
continue  to  survive  and  grow  in  the  presence  of  invasives  ( R .  repens  or  C. 
arvense ).  Competitive  effect  is  the  ability  of  an  individual  (S.  airoides )  to 
reduce  growth  of  R.  repens  or  C.  arvense  (Goldberg  and  Werner  1983, 
Miller  1987,  Goldberg  and  Fleetwood  1987).  Mealor  and  Hild  (2007)  and 
Leger  (2008)  have  proposed  that  native  species,  when  exposed  to  long¬ 
term  invasions,  can  undergo  natural  selection  to  favor  competitive  mater¬ 
nal  lineages.  Individual  native  grass  maternal  lineages  that  are  persistent 
in  invaded  R.  repens  sites  may  possess  enhanced  competitive  ability  as 
seedlings  and  as  mature  plants.  These  remnant  maternal  lineages  may 
therefore  be  more  capable  of  germination,  initial  nutrient  garnishment, 
overall  growth,  and  survival  when  used  in  revegetation  of  disturbed  areas 
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containing  exotic  populations.  The  selective  pressures  of  R.  repens  on  S. 
airoides  should  transfer  to  seed  and  influence  germination  and  growth  of 
S.  airoides  seedlings  in  maternal  lineages  derived  from  invasions  (IN  posi¬ 
tion  maternal  lineages). 

The  BSP  developed  provides  a  systematic  approach  to  evaluate  overall 
competitive  attributes  of  native  grass  species  and  serves  to  help  identify 
those  that  are  potentially  most  effective  in  competing  with  R.  repens  and 
C.  arvense. 
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7  Conclusions  and  Implications  for  Future 
Research  and  Implementation 

7.1  Summary  of  this  research  on  native  plant  responses  to  invasions 

Our  research  follows  previous  research  that  examines  interactions  of  dis¬ 
tinct  native  plant  populations  with  exotic  invaders.  Mealor  et  al.  (2004) 
first  addressed  genetic  variability  of  native  plants  growing  within  and  out¬ 
side  invasive  plant  populations.  Invaded  and  non-invaded  maternal  plants 
were  first  collected  from  field  sites  by  Mealor  et  al.  (2004).  Genetic  varia¬ 
tion  of  invaded  and  non-invaded  S.  airoides  measured  using  inter-simple 
sequence  repeat  (ISSR)  analysis  demonstrated  that  invaded  and  non- 
invaded  populations  of  S.  airoides  display  genetic  differences  between  the 
two  sub-populations. 

Amplified  fragment  length  polymorphisms  (AFLPs)  were  used  to  evaluate 
evidence  for  natural  selection  within  native  grass  populations  (Mealor  and 
Hild  2006).  Field  experiments  conducted  following  the  genetic  assays  mo¬ 
nitored  competitive  differences  between  the  two  sub-populations  of  S.  air¬ 
oides  (Mealor  and  Hild  2007).  Invaded  S.  airoides  genets  demonstrated 
higher  growth  rates  than  non-invaded  genets,  suggesting  possible  resi¬ 
lience  of  invaded  S.  airoides  sub-populations  (Mealor  and  Hild  2007). 

Ferrero-Serrano  et  al.  (2009)  compared  invaded  and  non-invaded  S.  air¬ 
oides  growth  with  C.  arvense.  This  research  was  unique  because  it  tested 
S.  airoides  plants  collected  from  R.  repens  invasions  against  a  novel  (to 
the  grass)  exotic  species,  C.  arvense.  Invaded  S.  airoides  plants  showed 
greater  negative  impacts  on  growth  of  neighbor  C.  arvense,  primarily  as 
reduced  root  biomass  (Ferrero-Serrano  et  al.  2009). 

Phenotypic  variability  of  the  invaded  and  non-invaded  S  airoides  lineages 
has  been  documented  via  greenhouse  and  genetic  experiments  (Bergum 
2009,  Bergum  et  al.  2010).  Sporobolus  airoides  phenology  also  differs  be¬ 
tween  invasive  histories  (Bergum  et  al.  2010).  Bartlett  (2009)  examined 
invaded  and  non-invaded  seedlings  to  determine  germination  and  shoot 
growth  using  laboratory  experiments  and  noted  delayed  germination  in 
invaded  S.  airoides  seed. 
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Sebade  (2011)  compared  invaded  and  non-invaded  S.  airoides  lineages  for 
their  ability  to  tolerate  the  presence  and  resist  the  encroachment  of  R.  re¬ 
pens  and  C.  arvense  in  field  settings.  This  research  is  also  unique  to  inva¬ 
sive  species  ecology  because  it  targets  the  resilience  of  a  native  species  as 
expressed  in  two  distinct  native  plant  population  histories:  one  with  a  past 
exposure  to  an  invasive  species  and  the  second  lacking  invasion  history. 
Results  indicate  that  invaded  lineages  with  NIPS  invasion  history  demon¬ 
strate  some  traits  (e.g.,  less  invasion  of  R.  repens )  that  may  favor  resis¬ 
tance  and  resilience  when  competing  with  R  repens. 

7.2  Conclusions  and  research  recommendations 

Non-indigenous  invasive  plant  species  can  alter  ecological  functions  of  na¬ 
tive  plant  communities.  Hydraulic,  nutrient  cycling,  and  plant  community 
composition  are  factors  that  can  change  from  invasive  species  (Mack  et  al. 
2000).  Although  individual  native  grasses  can  persist  in  areas  where  inva¬ 
sive  species  flourish,  native  population  resistance  and  resilience  may  be 
limited  (Mack  et  al.  2000,  D’Antonio  and  Meyerson  2002).  One  important 
process  for  native  species  individuals  is  regeneration  to  produce  subse¬ 
quent  populations  that  maintain  the  species. 

The  term  resilience,  introduced  and  used  in  ecology  by  Elton  (1958)  and 
Holling  (1973),  is  defined  as  the  amount  of  energy  a  system  can  absorb 
from  a  perturbation  and  still  return  to  a  stable  state  (Holling  1973,  Gun¬ 
derson  2000).  Resistance  is  the  ability  for  a  population  or  ecosystem  to 
remain  in  a  similar  state  after  a  disturbance  (Connell  and  Sousa  1983, 
Grandpre  and  Bergerson  1997,  Levine  et  al.  2004).  Grandpre  and  Berger- 
son  (1997)  suggest  that  resilience  should  be  measured  over  a  longer  time 
period  than  resistance  because  resilience  is  often  a  measure  of  long  term 
reproduction  and  reestablishment  of  species. 

We  use  both  terms  in  our  studies,  but  applied  in  a  different  context  than 
commonly  described  at  the  community  and  ecosystem  level  (Grimm  and 
Wissel  1997,  Gunderson  2000).  We  use  the  term  resistance  to  describe  the 
ability  of  mature  individuals  within  the  population  to  grow  and  limit  the 
encroachment  of  invaders.  We  define  resilience  as  the  ability  for  a  plant 
population  to  recruit  new  cohorts  in  the  presence  of  invaders.  Resistant 
and  resilient  terms  for  our  study  are  applied  at  population  rather  than 
community  or  ecosystem  levels. 
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Much  debate  surrounds  the  appropriate  definitions  and  measurements  for 
resistance  and  resilience.  Incorporating  these  terms  into  the  context  of  ecol¬ 
ogy  is  important  to  ecosystem  management  (Grimm  and  Wissel  1997).  We 
tested  resistance  and  resilience  in  our  studies  in  part  through  above-ground 
growth  of  transplanted  clones  and  seed  germination  and  the  ability  to  limit 
invasive  species  encroachment  and  establish  in  the  presence  of  invaders. 

Resistance  and  resilience  are  often  associated  with  ecosystem  processes; 
this  work  examines  resistance  and  resilience  of  native  grass  clone  popula¬ 
tions  in  the  presence  of  two  exotic  invaders.  Although  similar,  we  deviate 
from  use  of  these  terms  as  first  presented  by  Elton  (1958)  and  Holling 
(1973),  at  the  ecosystem  and  community  level,  in  that  we  consider  popula¬ 
tions  of  a  single  grass  species  rather  than  whole  community  responses  to 
invaders.  We  also  focus  on  the  concept  that  native  plant  populations  with  a 
history  of  competition  from  invasive  species  may  differ  in  their  resistance 
and  resilience  traits  from  grass  populations  lacking  history  of  exposure  to 
invaders.  Native  plant  responses  to  exotic  invasions  have  not  been  well  do¬ 
cumented  until  relatively  recently  (Grant  et  al.  2003,  Mealor  et  al.  2004, 
Callaway  2005,  Lau  2006,  Strauss  et  al.  2006,  Leger  2008;  also  this  work 
including  Mealor  and  Hild  2006,  Mealor  and  Hild  2007,  Ferrero-Serrano 
et  al.  2006,  Ferrero-Serrano  et  al.  2008,  Ferrero-Serrano  et  al.  2009,  Bar¬ 
tlett  2009,  Bergum  et  al.  2010,  Sebade  et  al.  2011).  This  overall  study  ad¬ 
dresses  population  resistance  and  resilience  of  native  grass  populations  in 
the  context  of  their  past  exposure  to  invaders. 

Contemporary  evolution  may  explain  the  success  of  some  exotic  plant  in¬ 
vasions.  However,  the  evolutionary  response  of  recipient  native  plant  pop¬ 
ulations  to  exotic  invasion  has  received  relatively  little  attention.  Because 
plant  populations  are  genetically  variable,  contemporary  evolution  may 
also  occur  in  native  populations  following  entry  of  invasive  species.  Evolu¬ 
tion  in  response  to  biotic  factors  (i.e.,  competition)  can  present  a  conti¬ 
nuum  “of  playing  the  game”  rather  than  “winning.”  Rhaponticum  repens 
is  a  novel  neighbor  to  native  grass  species,  and  does  not  share  a  long  co¬ 
evolutionary  history.  Thus,  native  plants  persisting  inside  infestations  are 
subject  to  different  biotic  interactions  than  are  their  conspecifics  in  non- 
invaded  areas.  It  is  reasonable  to  suggest  that  community  transformation 
by  an  invasive  species  should  affect  the  genetic  composition  of  native  pop¬ 
ulations,  and  that  these  changes  in  turn  affect  morphologic  and  phenotyp¬ 
ic  attributes.  Rhaponticum  repens  and  C.  arvense  are  highly  competitive, 
found  in  many  western  states,  and  can  reproduce  via  root  shoots  from  ex- 


ERDC/CERL  TR-11-28 


113 


tensive  root  systems  (Watson  1986,  Dock  Gustavsson  1997,  Mangold  et  al. 
2007).  They  occur  in  range,  pasture  and  agricultural  areas,  are  difficult  to 
control,  and  often  increase  with  cultivation  practices  (Mangold  et  al.  2007, 
Dock  Gustavsson  1997).  Although  R.  repens  and  other  NIPS  stands  in 
grasslands  may  appear  to  be  monospecific,  native  plants  persist  in  old  in¬ 
vasions.  Given  the  capacity  of  R.  repens  (and  other  NIPS)  to  alter  site  con¬ 
ditions,  native  plants  growing  within  dense  stands  of  R.  repens  are  subject 
to  different  selective  pressures  than  are  conspecifics  growing  in  areas  free 
of  the  invader.  In  particular,  edaphic  factors  are  especially  suited  to  select 
for  microdifferentiation  in  plants. 

This  research  hypothesized  that  native  species  in  R.  repens- invaded  com¬ 
munities  persisted  since  before  invasion  and  that  they  have  continued  to 
persist  for  a  reason,  not  simply  by  chance  (Callaway  et  al.  2005).  The  ge¬ 
netic,  morphological,  and  plant  performance  data  collected  provides  an 
indication  that  these  trait  differences  between  community  types  relate  to 
increased  tolerance  of  conditions  within  R.  repens  invasions. 

The  results  of  this  research  provides  multiple  lines  of  evidence  that  mater¬ 
nal  lineages  of  S.  airoides,  and  to  a  lesser  degree  H.  comata,  collected 
from  within  (IN)  invaded  sites  of  R.  repens,  differ  from  maternal  lineages 
collected  outside  of  (OUT)  invaded  sites.  Indications  are  that  these  differ¬ 
ences  translate  into  differences  in  competitive  ability  between  IN  and  OUT 
populations.  Portions  of  the  research  also  provide  evidence  that  differenc¬ 
es  in  competitive  ability  toward  the  knapweed  (i.e.,  R.  repens)  invader  may 
also  apply  to  other  exotic  invaders,  in  this  instance  C.  arvense.  This  study 
also  provides  evidence  of  differences  in  competitive  performance  of  differ¬ 
ing  IN  and  OUT  genotypes. 

This  research  also  developed  an  effective  way  to  comparatively  evaluate 
the  performance  of  differing  and  disparate  genotypes  and  to  select  for  the 
most  promising  genotypes  for  further  and  expanded  study  evaluation. 
Evolutionary  forces  should  act  on  native  species  once  a  new  environment 
has  been  constructed  around  them  in  the  same  way  that  invasives  adapt  to 
new  environments.  Plant  invasions  may  affect  the  evolutionary  trajectories 
of  native  plant  populations  in  ways  not  previously  investigated.  More  ex¬ 
tensive  research  of  native  population  response  to  invasions  is  needed  to 
successfully  address  potential  genetic  changes  caused  by  exotic  invasion. 
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This  research  documented  molecular  differences  in  native  populations; 
portions  of  the  research  extended  those  studies  to  experimentally  evaluate 
growth  of  native  species  in  a  representative  field  environment,  and  in  sub¬ 
sequent  generations  under  greenhouse  conditions.  The  overall  objective 
was  to  attempt  to  determine  if  three  populations  of  two  native  grass  spe¬ 
cies  {H.  comata  and  S.  airoides )  demonstrate  evidence  of  contemporary 
evolution  in  response  to  invasion  by  R.  repens. 

By  comparing  genetic  similarity  within  and  between  community  types,  this 
study  assessed  whether  observed  divergence  patterns  could  be  attributed 
to  crossing  of  community  boundaries.  Individuals  were  more  similar  to 
one  another  within  community  types  (vs.  between  community  types), 
which  led  to  the  tentative  conclusion  that  alteration  of  site  characteristics 
by  R.  repens  invasion  may  be  capable  of  driving  divergence  in  native  grass 
populations.  Divergence  in  the  face  of  significant  amounts  of  gene  flow  is 
possible  if  selective  pressure  is  great  enough  (see  Antonovics  and  Brad¬ 
shaw  1970,  Al-Hiyaly  et  al.  1988  for  examples).  A  portion  of  the  overall  re¬ 
search  sampled  mature  adult  plant  material  instead  of  seed,  and  by  doing 
so,  characterized  those  individuals  that  have  been  able  to  persist  within 
old  weed  exotic  invasions,  but  may  not  reflect  current  levels  of  gene  flow 
between  the  sampled  communities.  Additionally,  it  must  be  assumed  that 
the  non-invaded  communities  sampled  represent  pre-invasion  pools  of 
genetic  information  because  it  was  not  possible  to  sample  these  communi¬ 
ties  before  invasion.  The  invasion  and  dominance  of  a  community  by  R. 
repens  is  a  rapid  event,  in  evolutionary  terms.  Thirty  five  to  70  years  is  a 
short  time  for  a  grass  population  to  have  diverged  into  two  genetically  dis¬ 
tinct  populations  even  when  converted  to  an  invasive  plant  dominated 
community.  A  more  direct  test  of  this  study’s  hypothesis  would  be  to  sam¬ 
ple  pre-  and  post-invasion  communities,  but  logistic  restraints  (a  70-year 
waiting  period)  make  such  study  difficult.  However,  this  should  not  prec¬ 
lude  the  initiation  and  continuance  of  such  long-term  studies. 

The  results  of  this  research  provide  evidence  that  invasive  species  domin¬ 
ance  induces  selection  in  native  grass  populations,  but  that  there  may  be 
potential  for  localized  selection  between  these  two  communities.  The  re¬ 
sults  of  this  research  suggest  that  native  populations  can  respond  to  the 
selective  pressure  exerted  by  non-indigenous  invasive  species  (Figure  32). 
The  impacts  of  invading  weeds  on  native  plant  populations  and  their  po¬ 
tential  use  for  restoration  has  not  been  well  documented  before  this  re¬ 
search  and  is  currently  poorly  understood. 
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Figure  32.  Conceptualized  process  of  native  plant  response  to  exotic  invasives. 

However,  native  grasses  that  remain  following  long-term  exposure  to  in¬ 
vading  species  seem  to  better  tolerate  weed  presence  than  do  naive  na¬ 
tives.  Such  invasion  “experienced”  native  plants  can  be  more  competitive 
with  invaders,  but  are  often  excluded  as  restoration  materials.  Excluding 
native  materials  within  weed-invaded  sites  may  result  in  the  loss  of  the 
competitive  advantage  such  exposure  elicits  within  native  populations. 

In  other  portions  of  this  research  we  propagated  S.  airoides  for  two  gener¬ 
ations  in  a  greenhouse  setting  to  evaluate  gene  flow  and  phenotypic  traits 
while  growing  in  a  production  environment.  Phenotypic  expression  dif¬ 
fered  from  the  first  generation  to  the  second  generation,  predominately  in 
the  IN  population,  which  is  not  favored  in  native  seed  production.  AFLP 
methods  were  used  to  estimate  genetic  variation  within  and  among  popu¬ 
lations,  locations,  and  generations. 

Also,  seedlings  were  found  to  be  better  response  competitors  than  adult 
plants  (Howard  and  Goldberg  2001).  Thus,  future  monitoring  of  initial 
above-  or  below-ground  growth  of  experienced  (IN)  and  inexperienced 
(OUT)  maternal  lineages  (as  seedlings)  may  be  an  important  next  step  in 
identifying  maternal  lineages  with  strong  competitive  ability.  Knowing 
how  experienced  and  inexperienced  maternal  lineages  recruit  as  seedlings 
when  exposed  to  R.  repens  and  C.  arvense  in  a  field  setting  would  extend 
the  current  knowledge  of  recruitment  ability  as  a  competitive  trait. 

In  other  portions  of  this  research,  invasive  species  recruitment,  and  grass 
seedling  germination  and  establishment  were  also  studied  in  field  envi¬ 
ronments.  In  summary,  when  competing  with  R.  repens,  and  C.  arvense 
growth  (longest  leaf,  basal  circumference,  and  tillers)  of  invaded  S.  air- 


ERDC/CERL  TR-11-28 


116 


oides  were  greater  than  growth  of  the  non-invaded  plants.  Future  research 
should  examine  root  growth  among  S.  airoides  in  realistic  settings  where¬ 
by  seeds  are  exposed  to  gradual  temperature  changes  from  day  to  night  as 
is  the  case  in  seed  germination  and  root  growth  substrate.  Future  research 
should  also  further  monitor  competition  in  a  field  setting  between  S.  air¬ 
oides  maternal  lineages  and  C.  arvense.  It  is  known  that  IN  maternal  li¬ 
neages  studied  here  showed  a  consistent  positive  response  when  exposed 
to  R.  repens  in  field  settings  (Mealor  and  Hild  2007),  and  that  S.  airoides 
reduces  C.  arvense  root  biomass  when  examined  in  a  greenhouse  setting 
(Ferrero-Serrano  et  al.  2006,  Ferrero-Serrano  et  al.  2008). 

Our  studies  demonstrate  that  there  is  differential  growth,  competitive  abili¬ 
ty,  and  genotypic  variation  in  native  plants  derived  from  long-established 
exotic  invasions.  We  now  know  that  native  individuals  remain  within  even 
very  dense  stands  of  exotics  and  that  abundance  of  some  native  species  is 
reduced  inside  invasions.  Remnant  native  species  that  remain  within  inva¬ 
sions  display  reduced  genotypic  variability  relative  to  native  populations 
outside  invasions.  These  “experienced”  native  plants  also  grow  larger  in 
competition  with  the  invasives  than  do  non-experienced  native  plants  of  the 
same  species.  Our  results  give  strong  suggestion  that  native  species  have  the 
resilience  to  co-evolve  alongside  exotic  invaders  over  the  long-term.  Por¬ 
tions  of  this  research  were  constrained  by  inherent  greenhouse  growth  con¬ 
ditions.  We  need  to  be  aware  that  plant  and  seed  collection  of  native  grass 
populations  will  be  affected  by  greenhouse  production,  so  we  can  avoid  res¬ 
toration  failures  from  incompatible  genetic  variation  and  phenotypic  traits. 

Subsequent  research  should  further  examine  the  behavior  of  the  two 
populations  (IN  and  OUT)  in  restoration  field  settings.  Because  produc¬ 
tion  environments  in  greenhouse  laboratory  settings  are  optimal,  condi¬ 
tions  and  agronomic  techniques  could  inadvertently  select  for  the  pheno¬ 
types  documented  here.  It  is  important  to  know  if  traits  are  genetically 
linked,  or  if  they  are  the  result  of  maternal  effects  or  plasticity  (Lavergne 
and  Molofsky  2007).  Future  studies  should  specifically  test  the  remnant 
native’s  plasticity  in  natural  environments  under  varying  conditions  (tem¬ 
perature,  soil  conditions,  precipitation,  and  nutrient  availability). 

Because  the  cool  season  competitor  {H.  comata )  was  not  as  competitive 
with  C.  arvense,  these  results  agree  with  the  suggestions  that,  with  other 
factors  remaining  constant,  warm-season  plants  (e.g.,  S.  airoides )  have  a 
competitive  advantage  over  cool  season  species,  which  have  lower  growth 
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rates  (Black  et  al.1969).  This  difference  may  help  explain  aspects  of  struc¬ 
ture  and  function  of  plant  communities  and  the  implications  of  revegeta¬ 
tion  with  cool-  and  warm-season  species  (Waller  and  Lewis  1979).  This 
evidence  should  be  explored  along  with  investigation  of  other  cool-season 
grasses  such  as  western  wheatgrass  (Pas  copy  rum  smithii  (Rydb.);  syn. 
Agropyron  smithii),  intermediate  wheatgrass  (Thinopyrum  intermedium 
(Host)  Barkworth  and  D.R.  Dewey;  syn.  Agropyron  intermedium),  Rus¬ 
sian  wild  rye  (Psathyrostachys juncea  (Fisch.)  Nevski;  syn.  Elymusjun- 
ceus),  or  tall  fescue  (Schedonorus phoenix  (Scop.)  Holub.;  syn.  Festuca 
arundinacea)  which  is  known  to  be  competitive  with  thistles  or  other  cool 
season  species,  the  competitive  effects  of  which  have  been  proven  against 
exotics  (Wilson  and  Kachman  1999,  Rose  et  al.  2001).  Since  H.  comata 
and  S.  airoides  are  commonly  used  in  restoration,  these  results  present  the 
opportunity  to  use  selected  populations  to  increase  native  grass  resistance 
to  R.  repens  and  C.  arvense.  Future  research  should  integrate  the  notion 
of  selected  genotypes  into  restoration  strategies.  In  general,  it  seems  that 
the  use  of  experienced  warm  season  grasses  would  be  a  strategy  that  may 
provide  a  sound  revegetation  strategy  for  control  of  knapweed  and  thistle 
invasions.  Future  studies  should  assess  the  effectiveness  of  this  strategy 
under  field  conditions.  The  conservation  of  native  species  populations  and 
the  support  of  native  ecosystem  processes  can  combine  to  serve  as  a  tool  to 
retain  important  native  genetic  material. 

Revegetation  is  critical  to  successfully  control  of  NIPS  (Benz  et  al.  1999, 
Shaw  and  Roundy  1997,  Whitson  1999).  Reseeding  with  competitive  her¬ 
baceous  species  has  been  effective  in  limiting  the  return  of  R.  repens,  leafy 
spurge  (Euphorbia  esula  L.),  and  other  invasive  species  after  herbicide 
treatment  (Benz  et  al.  1999).  Yet  concern  for  maintaining  native  aspect 
and  genetic  integrity  of  native  plant  communities  in  grassland  ecosystems 
has  limited  the  species  available  for  replanting  after  invasive  species  re¬ 
moval.  Additionally,  some  advocates  of  native  species  argue  that  even  use 
of  the  same  native  species  from  distant  sites  can  be  considered  detrimental 
pollution  of  local  gene  pools  (Jones  and  Johnson  1998).  Ideal  revegetation 
efforts  should  include  local  native  species  that  are  known  to  successfully 
grow  and  regenerate  while  limiting  the  advance  of  NIPS.  Although  some 
isolated  individuals  of  native  plants  do  successfully  emerge  and  establish 
within  weedy  populations,  these  individuals  are  not  often  included  in  wild¬ 
land  seed  collections.  Collectors  commonly  focus  upon  dense  stands  and 
avoid  isolated  natives  because  they  fear  inclusion  of  weed  seed  contami¬ 
nants,  and  because  they  realize  poor  returns  from  collections  in  scattered 
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populations.  The  ability  of  isolated  native  plants  to  grow  in  the  presence  of 
an  exotic  species  may  invoke  superior  competitive  ability,  attributed  to  na¬ 
tive  individuals’  exposure  to  selective  forces  associated  with  the  invasive 
exotic  species.  The  invasive  exotic  then,  may  serve  as  a  screening  agent  in 
long-invaded  sites  by  retaining  remnant  natives  that  are  able  to  grow  and 
reproduce  under  invaded  conditions.  Therefore,  it  is  reasonable  to  suggest 
that  areas  of  NIPS  invasions  can  be  the  source  of  native  species  genotypes 
that  are  vegetatively  and  reproductively  successful  in  association  with  the 
exotic.  Thus,  the  native  genotypic  pool  within  remnant  individuals  maybe 
more  NIPS  resilient  than  are  native  gene  pools  in  non-invaded  sites. 

Co-evolution  of  NIPS  and  native  species  is  a  difficult  area  of  study  and  re¬ 
quires  additional  future  research  and  testing  (Aarssen  et  al.  1983,  Strauss 
et  al.  2006).  Results  from  this  research  have  real  world  application  to  res¬ 
toration  settings.  Revegetation  of  disturbed  areas  with  competitive  native 
plant  species  instead  of  non-native  species  and  potentially  non¬ 
competitive  native  genotypes  is  important  to  maintain  the  longevity  of 
biodiversity  of  desirable  plants  (Linhart  1995,  Mangold  et  al.  2007).  Plant¬ 
ing  native  species  with  invasive  history  may  augment  biodiversity  and  in 
turn,  increase  native  ecosystem  resistance  and  resilience  to  invasion  (Ken¬ 
nedy  et  al.  2002).  Outcomes  of  this  research  should  help  us  understand 
the  potential  benefits  derived  from  use  of  invaded  grass  lineages  in  recla¬ 
mation  plantings. 

Ideally,  making  use  of  invaded  native  sub-populations  via  seed  collection 
will  allow  development  of  a  more  resilient  seed  source  for  revegetation  of 
disturbed  lands.  It  is  recommended  that  future  investigations  include  a 
survey  of  long-term  weed  invasions  in  western  military  lands  to  determine 
the  presence  of  native  species  remaining  within  invasions.  A  massive  col¬ 
lection  effort  of  these  native  remnants  should  be  examined  for  their  suc¬ 
cess  in  reseeding  efforts  following  actions  to  control  non-indigenous  inva¬ 
sive  species.  Based  on  the  differences  we  note  here,  we  conclude  that 
experienced  native  grass  individuals  may  retain  a  competitive  advantage 
against  their  new  neighbors.  If  we  work  to  integrate  this  facet  of  native 
community  response  to  invaders  into  our  understanding  of  resilience,  we 
may  begin  to  more  clearly  describe  the  mechanisms  that  enhance  resi¬ 
lience  in  native  populations.  Such  mechanisms  may  be  applicable  in  resto¬ 
ration  settings  and  strengthen  our  strategies  to  limit  invasion.  Additional¬ 
ly,  we  might  consider  means  for  retaining  resilient  native  gene  pools  and 
better  understand  the  dynamic  nature  of  native  population  responses  to 
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exotics.  However,  currently,  invaded  native  populations  are  avoided  in  res¬ 
toration  for  obvious  reasons.  Seed  collections  with  even  a  small  portion  of 
invasive  weed  seed  contamination  is  much  less  marketable,  and  seed  col¬ 
lection  within  weedy  areas  enhances  the  spread  of  exotic  invasive  species 
by  providing  human  and  mechanical  vectors.  Seed  from  species  in  the  As- 
teracea  family  (both  R.  repens  and  C.  arvense )  are  especially  problematic 
because  of  their  very  small  seed  size.  Additionally  the  history  of  exotic  in¬ 
vasion  is  seldom  documented  on  wildlands  where  native  seed  collections 
take  place  making  the  longevity  of  weed  tolerance  by  the  community  un¬ 
clear.  For  these  reasons,  native  seed  collectors  and  commercial  propaga¬ 
tion  techniques  are  unlikely  to  use  invaded  populations  as  sources.  Enlist¬ 
ing  a  dynamic  process  approach  to  invasion  resistance  (e.g.,  shifting 
competitive  interactions,  nutrient  cycling,  gene  flow,  and  recruitment  pat¬ 
terns)  could  prove  to  be  potentially  powerful  additions  to  restoration  ecol¬ 
ogy,  although  these  ideas  challenge  common  perceptions  of  native  popula¬ 
tions. 

7.3  Implications  for  practice 

•  Native  sources  of  plant  materials  are  often  most  desired  for  restoration 
but  continued  disturbance  and  invasive  exotics  limit  their  availability. 

•  The  impacts  of  invading  weeds  on  native  plant  populations  and  their 
potential  use  for  restoration  is  poorly  understood.  However,  native 
grasses  that  remain  following  long-term  exposure  to  invading  species 
may  better  tolerate  weed  presence  than  nonexposed  natives. 

•  Such  invasion  “experienced”  native  plants  can  be  more  competitive 
with  invaders  but  are  often  excluded  as  restoration  materials.  By  ex¬ 
cluding  native  materials  within  weed-invaded  sites,  we  may  lose  the 
competitive  advantage  such  exposure  elicits  within  native  populations. 

•  Native  seed  collection  may  be  enhanced  by  including  invasion- 
experienced  native  plant  populations  if  an  accurate  invasion  history 
can  be  documented  and  the  resulting  seed  collections  are  carefully 
cleaned  to  omit  invasive  species  impurities. 

•  The  native  seed  production  industry  can  use  this  research  to  develop 
wild  seed  collection  protocols  to  included  remnant  native  populations 
(from  long-term  exotic  invasions)  and  production  techniques  that  en¬ 
sure  competitive  traits  are  not  being  lost  from  native  accessions.  Rem¬ 
nant  native  plants  used  to  restore  degraded  areas  may  also  reduce  the 
chances  of  future  exotic  invasion. 
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Spellout 

AFLP 

amplified  fragment  length  polymorphism 

AM  OVA 

Analysis  of  molecular  variance 

ANCOVA 

analysis  of  covariance 

AN  OVA 

Analysis  of  Variance 

ANSI 

American  National  Standards  Institute 

AOSA 

Association  of  Official  Seed  Analysts 

BSP 

Biological  Screening  Process 

CERL 

Construction  Engineering  Research  Laboratory 

Cl 

Confidence  Interval 

OR 

Competitive  Response 

CRBD 

Completely  Randomized  Block  Design 

CRCI 

Corrected  Relative  Competition  Index 

DNA 

deoxyribonucleic  acid 

DoD 

US  Department  of  Defense 

ER 

Engineer  Regulation 

ERDC 

Engineer  Research  and  Development  Center 

ERDC-CERL 

Engineer  Research  and  Development  Center,  Construction  Engineering  Re¬ 
search  Laboratory 

ESL 

Environmental  Simulation  Laboratory 

ESTOP 

Environmental  Security  Technology  Certification  Program 

HSD 

Honestly  Significant  Difference 

ISSR 

Inter-Simple  Sequence  Repeat 

LSD 

least  significant  difference 

MAN  OVA 

ANOVA;  time  measured  on  an  ordinal  scale 

N/A 

not  applicable 

NCDC 

National  Climatic  Data  Center 

NIPS 

non-indigenous  invasive  plant  species 

NSl 

loci  not  linked  to  genes  under  selection 

OMB 

Office  of  Management  and  Budget 

PVC 

polyvinyl  chloride 

QTL 

Quantitative  Trait  Locus 

RCI 

Relative  Competitive  Intensity 

RH 

relative  humidity 

RNE 

Relative  Neighbor  Effect 

ROX 

rhodamine  X 

RV 

Riverton 

SA 

Supply  Air 
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Term 

Spellout 

SAS 

Statistical  Analysis  Software 

SE 

Standard  Error 

SERDP 

Strategic  Environmental  Research  and  Development  Program 

Sl 

loci  potentially  linked  to  selection 

SLA 

Specific  Leaf  Area 

SON 

Statement  of  Need 

SPSS 

Statistical  Package  for  the  Social  Sciences 

SRM 

Sustainment,  Restoration,  and  Modernization 

TDR 

Time  Domain  Refractory 

TR 

Technical  Report 

TTC 

2,  3,  5-triphenyl  tetrazolium  chloride 

TZ 

Tetrazolium 

UK 

United  Kingdom 

USA 

United  States  of  America 

use 

United  States  Code 

USDA 

US  Department  of  Agriculture 

UW 

University  of  Wyoming 
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Appendix  A:  List  of  Scientific  and  Technical 
Publications 

Articles  in  peer-reviewed  journals 

Bergum,  K.  E.,  A.  L.  Hild,  and  B.  A.  Mealor.  2010.  Phenotypes  of  two  generations  of 

Sporobolus  airoides  seedlings  derived  from  Acroptilon  repens  invaded  and  non- 
invaded  grass  populations.  Restoration  Ecology.  Doi  io.im/j.1526- 
iooX.2010.00754.%. 

Ferrero-Serrano,  A.,  T.  R.  Collier,  B.  A.  Mealor,  T.  Smith,  and  A.  L.  Hild.  2006. 

Combination  of  stem-boring  weevil  and  native  grasses  reduces  root  biomass  of 
Canada  thistle  in  greenhouse  experiment.  Ecological  Restoration  24  (3):20i-202. 
Invited. 

Ferrero-Serrano,  A.,  T.  R.  Collier,  A.  L.  Hild,  B.  A.  Mealor,  and  T.  Smith.  2008.  Combined 
impacts  of  native  grass  competition  and  introduced  weevil  herbivory  on  Canada 
thistle  ( Cirsium  arvense).  Rangeland  Ecology  and  Management  61(53:529-534. 

Ferrero-Serrano,  A.,  A.  L.  Hild,  and  B.  A  Mealor.  2010.  Can  invasive  species  enhance 
competitive  ability  and  restoration  potential  in  native  grass  populations? 
Restoration  Ecology  18:1-7. 

Mealor,  B.  A.,  and  A.  L.  Hild.  2007.  Post-invasion  evolution  of  native  plant  populations:  A 
test  of  biological  resilience.  Oikos  116  (93:1493-1500. 

Tyrer,  S.,  A.  L.  Hild,  B.  A.  Mealor,  and  L.  Munn.  2007.  Properties  of  soils  from  Russian 
knapweed  ( Acroptilon  repens )  invasions  and  associated  impacts  on 
establishment  of  native  species.  Rangeland  Ecology  and  Management  6o(6):6o4- 
612. 

Conference  and  symposium  proceedings 

Bergum,  K.  E.,  A.  L.  Hild,  B.  A.  Mealor,  and  T.  Smith.  2008.  Genetic  variation  within 
genotypes  of  two  native  grass  species  after  two  generations  of  greenhouse  seed 
source  improvement.  Joint  meeting  of  the  American  Forage  and  Grassland 
Council  and  the  Society  for  Range  Management  Annual  Meeting,  January  26-31, 
Lexington,  KY.  Poster. 

Bergum,  K.  E.,  A.  L.  Hild,  and  B.  A.  Mealor.  2009.  After  invasion:  Genetic  and  phenotypic 
variation  of  remnant  natives  in  greenhouse  production.  International  Meeting  of 
the  Society  for  Range  Management.  February  8-13,  Albuquerque,  NM.  Paper. 

Bartlett,  F.,  A.  L.  Hild,  B.  A.  Mealor,  and  T.  Smith.  2008.  Methods  to  select  promising 
native  grass  genotypes  as  competitors  with  introduced  invasive  weed  species. 
Joint  meeting;  American  Forage  and  Grassland  Council  and  the  Society  for  Range 
Management  Annual  Meeting.  January  26-31,  Lexington,  KY.  Poster. 
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Bartlett,  F.,  A.  L.  Hild,  B.  A.  Mealor,  and  T.  Smith.  2008.  Selection  of  Alkali  sacaton 

genotypes  as  competitors  with  Russian  knapweed  and  Canada  thistle.  SERDP- 
ESTCP  Partners  in  Environmental  Technology  Technical  Symposium  & 
Workshop.  December  2-4,  Washington,  DC.  Poster. 

Bartlett,  F.  P.,  A.  L.  Hild,  K.  E.  Bergum,  B.  A.  Mealor,  and  T.  Smith.  2009.  Assessing 
competitiveness  of  Alkali  sacaton  genotypes  exposed  to  invasive  weeds. 
International  Meeting  of  the  Society  for  Range  Management,  February  8-13, 
Albuquerque,  NM.  Paper. 

Bartlett,  F.,  A.  Hild,  K.  Bergum,  B.  Mealor,  and  T.  Smith.  2009.  Selecting  promising 

native  grass  genotypes  as  competitors  with  invasive  weeds.  US  Army  Engineer 
Research  and  Development  Center  Science  Conference.  November  16  -  20, 
Memphis,  TN.  Poster. 

Bartlett,  F.  A.,  A.  L.  Hild,  K.  E.  Bergum,  B.  A.  Mealor,  and  T.  Smith.  2011.  Selecting 
promising  native  grass  species  as  competitors  with  non-indigenous  invasive 
weeds.  Sustainable  Military  Readiness  Conference,  July  25-29,  Nashville,  TN. 
Poster. 

Ferrero-Serrano,  A.,  A.  L.  Hild,  T.  Collier,  S.  Enloe,  and  S.  Miller.  2005.  Synergy  of 

competitive  native  plants  and  a  stem-boring  weevil  ( Ceutorhynchus  litura )  for 
control  of  Canada  thistle  ( Cirsium  arvense ),  and  invasive  weed.  UW  Graduate 
Student  Symposium,  April  4-5,  Laramie,  WY.  Paper. 

Ferrero-Serrano,  A.,  A.  L.  Hild,  T.  Smith,  B.  Mealor,  T.  Collier,  S.  Enloe,  and  S.  Miller. 

2005.  Synergistic  action  of  competitive  native  plants  and  a  stem  boring  weevil 
( Ceutorhynchus  litura )  for  control  of  Canada  thistle  ( Cirsium  arvense ),  an 
invasive  weed.  SERDP-ESTCP  Partners  in  Environmental  Technology  Technical 
Symposium  &  Workshop.  November  29-December  1,  Washington  DC.  Poster. 

Ferrero-Serrano,  A.,  A.  L.  Hild,  B.  Mealor,  T.  Collier,  S.  Enloe,  S.  Miller,  and  T.  Smith. 

2006.  Synergistic  action  of  competitive  native  plants  and  a  stem-boring  weevil 
for  control  of  Canada  thistle.  Society  for  Range  Management  International 
Meeting,  February  13-17,  Vancouver,  B.C.  Poster. 

Ferrero-Serrano,  A.,  A.  L.  Hild,  B.  A.  Mealor,  T.  R.  Collier,  S.  F.  Enloe,  and  S.  D.  Miller. 

2006.  Do  combined  actions  of  a  stem-boring  weevil  and  competition  from  native 
grasses  form  a  synergistic  weed  control  of  Canada  thistle?  UW  Graduate  Student 
Symposium.  April  3-4.  Laramie,  WY.  Paper. 

Ferraro-Serrano,  A.,  T.  Smith,  B.A.  Mealor,  T.  Collier,  S.  Enloe,  S.  Miller,  and  A.L.  Hild. 

2006.  Combined  action  of  a  stem-boring  weevil  and  native  grass  competition  for 
control  of  Canada  thistle  ( Cirsium  arvense ).  NatureServe  Leadership  Conference 
Proceedings.  April  24-26,  Baltimore,  MD.  Poster. 

Ferrero-Serrano,  A.,  T.  Smith,  B.  A.  Mealor,  T.  Collier,  S.  Enloe,  S.D.  Miller,  and  A.L. 
Hild.  2007.  Combined  action  of  a  stem-boring  weevil  and  native  grass 
competition  for  control  of  Canada  thistle.  Sustainable  Military  Readiness 
Conference,  July  30-August  3,  Orlando,  FL.  Poster. 
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Ferrero-Serrano,  A.,  T.  R.  Collier,  B.  A.  Mealor,  A.  L.  Hild,  and  T.  Smith.  2007.  Integrated 
application  of  biocontrol  and  native  species  for  invasive  plant  control: 
Implications  for  restoration  ecology.  International  Phytotechnologies 
Conference.  Proceedings  of  the  International  Phytotechnology  Society, 

September  24-26,  Denver,  CO.  Paper. 

Ferrero-Serrano,  A.,  T.  R.  Collier,  A.  L.  Hild,  B.  A.  Mealor,  and  T.  Smith.  2007.  Potential 
control  of  Canada  thistle  through  integrated  use  of  biocontrol  and  native  grass 
species.  Proceedings  of  the  American  Society  of  Agronomy,  November  4-9,  New 
Orleans,  LA.  Paper. 

Hild,  A.  L.,  F.  Bartlett,  K.  Bergum,  and  T.  Smith.  2007.  Selecting  promising  native  grass 
genotypes  for  competitive  interactions  with  exotic  species.  SERDP  -ESTCP 
Partners  in  Environmental  Technology  Technical  Symposium  &  Workshop. 
December  4-6,  Washington,  DC.  Poster. 

Hild,  A.,  B.  Sebade,  B.  Mealor,  and  T.  Smith.  2009.  Resistance  and  resilience  of  native 
grasses  competing  with  exotic  invaders.  SERDP-ESTCP  Partners  in 
Environmental  Technology  Technical  Symposium  &  Workshop.  December  1-3, 
Washington,  DC.  Poster. 

Hild,  A.,  K.  Bergum,  B.  Mealor,  and  T.  Smith.  2009.  Genetic  integrity  of  two  generations  of 
propagules  from  exotic-invaded  and  non-invaded  plant  populations.  SERDP- 
ESTCP  Partners  in  Environmental  Technology  Technical  Symposium  & 
Workshop.  December  1-3,  Washington,  DC.  Poster. 

Mealor,  B.,  and  A.  L.  Hild.  2006.  There  goes  the  neighborhood— or  does  it?  International 
Meeting  of  the  Society  for  Range  Management.  February  13-17,  Vancouver,  B.C. 
Society  for  Range  Management  National  Graduate  Student  Competition,  2d 
place.  Poster. 

Mealor,  B.  A.,  and  A.  L.  Hild.  2006.  Native  plant  population  resilience  to  exotic  invasion. 
UW  Graduate  Student  Symposium.  April  3-4,  Laramie,  WY.  Paper. 

Sebade,  B.,  and  A.  L.  Hild.  2009.  Resistance  and  resilience  of  native  grasses  competing 
with  exotic  invaders.  UW  Graduate  Student  Symposium  April  6-7,  Laramie,  WY. 
Poster. 

Sebade,  B.,  A.  Hild,  B.  Mealor,  and  T.  Smith.  2010.  Resistance  of  native  grasses  from 

invaded  and  non-invaded  sites  transplanted  into  weed  invasions.  Joint  Meeting 
American  Forage  and  Grassland  Council  and  the  Society  for  Range  Management. 
7-11  Feb,  Denver,  CO.  Poster. 

Sebade,  B.,  A.  Hild,  B.  Mealor,  and  T.  Smith.  2011.  Competition  of  native  grasses  from 

invasion  transplanted  into  Russian  knapweed  and  Canada  Thistle.,  International 
Meeting  of  the  Society  for  Range  Management.  February  6-10,  Billings,  MT. 
Paper. 

Smith,  T.,  B.A.  Mealor,  A.  Ferraro-Serrano,  A.L.  Hild,  and  T.R.  Collier.  2006.  Evaluation 
of  selected  native  plant  populations  for  competition  against  exotic  weeds. 
SERDP-ESTCP  Partners  in  Environmental  Technology  Technical  Symposium  & 
Workshop.  Nov.  28-30,  Washington,  DC.  Poster. 
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Smith,  T.,  B.A.  Mealor,  A.  Ferraro-Serrano,  A.L.  Hild,  and  T.R.  Collier.  2007.  Selection  of 
promising  genotypes  for  restoration  of  military  lands.  SERDP-ESTCP  Partners  in 
Environmental  Technology  Technical  Symposium  &  Workshop.  December.  4-6, 
Washington,  DC.  Poster. 

Tyrer,  S.  J.,  A.  L.  Hild,  L.  C.  Munn,  and  S.  F.  Enloe.  2005.  Do  soils  from  knapweed 

invasions  limit  germination  of  native  forbs  or  shrubs?  UW  Graduate  Student 
Symposium.  April  4-5,  Laramie,  WY.  Paper. 

Tyrer,  S.  J.,  and  A.  L.  Hild.  2005.  Native  forb  and  shrub  seedling  establishment  in 

Russian  knapweed  ( Acroptilon  repens  (L).  D.C)  dominated  soils.  International 
Meeting  of  the  Society  for  Range  Management.  February  5-11,  Fort  Worth,  TX. 
Paper. 

Tyrer,  S.,  A.  L.  Hild,  L.  Munn,  B.  Mealor,  and  S.  Enloe.  2006.  Soil  chemical  changes 
associated  with  Russian  knapweed  invasions.  International  Meeting  of  the 
Society  for  Range  Management.  February  13-17,  Vancouver,  B.C.  Poster. 
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Appendix  B:  Other  Supporting  Materials: 
Patents,  Protocols,  Scientific  Awards  or 
Honors  Graduate  Students  and  Post-Doctoral 
Researchers  Educated  on  this  Project 


Bergum,  Karin.  M.S.,  Rangeland  Ecology  and  Watershed  Management.  December  2009. 
Genetic  variation  and  phenotypic  traits  of  Sporobolus  airoides  from  exotic- 
invaded  and  non-invaded  areas  after  two  generations  of  seed  increase.  Thesis. 
University  of  Wyoming,  Laramie,  WY. 

Bartlett,  Franklin.  M  S.,  Rangeland  Ecology  and  Watershed  Management.  May  2009. 

Selection  of  alkalai  sacaton  genotypes  as  competitors  with  Russian  knapweed  and 
Canada  thistle.  Thesis.  University  of  Wyoming,  Laramie,  WY. 

Ferrero-Serrano,  Angel.  M.S.  Rangeland  Ecology  and  Watershed  Management.  August 
2006.  Use  of  native  grass  species  and  a  stem  boring  weevil  for  control  of  Canada 
thistle.  Thesis.  University  of  Wyoming,  Laramie,  WY.  Currently:  Doctoral 
candidate,  Population  and  Evolutionary  Biology,  University  of  Liverpool, 
Liverpool,  UK. 

Mealor,  Brian  A.  Ph.D.  August  2006.  Native  plant  population  resilience  to  exotic 
invasion.  Dissertation.  University  of  Wyoming,  Laramie,  WY. 

Sebade,  Brian.  M.S.  Rangeland  Ecology  and  Watershed  Management.  December  2010. 
Sporobolus  ariroides  population  resistance  in  competition  with  two  exotic 
perennial  herbs.  Thesis.  University  of  Wyoming,  Laramie,  WY. 
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Appendix  C:  Technology  Transfer 

In  addition  to  cooperation  from  public  and  private  landowners  In  Wyom¬ 
ing,  Idaho,  and  Colorado,  the  project  involved  demonstration  plantings  at 
F.E.  Warren  AFB,  Cheyenne,  WY  and  on  lands  owned  by  The  Nature  Con¬ 
servancy  near  Lander,  WY.  The  project  results  have  been  communicated 
via  paper  and  poster  presentations  at  more  than  20  national  and  interna¬ 
tional  professional  meetings.  Publications  from  the  project  continue  to  be 
developed,  with  three  currently  in  prep,  and  six  already  published  in  peer- 
reviewed  scientific  journals.  The  research  has  allowed  training  of  five 
graduate  students  or  post-doctoral  research  assistants.  Results  were  also 
communicated  at  the  National  Invasive  Species  Awareness  Week  in  Wash¬ 
ington  DC  in  January  2010;  at  the  International  Phytotechnology  Confe¬ 
rence  in  Denver,  CO  in  September  2007;  at  the  Meeting  of  the  American 
Society  of  Agronomy,  in  New  Orleans,  LA,  November  2007;  at  the  Interna¬ 
tional  Meetings  of  the  Society  for  Range  Management  in  Ft.  Worth,  TX, 
Vancouver,  BC,  Lexington,  KY,  Albuquerque,  NM,  Denver,  CO,  and  Bil¬ 
lings,  MT  in  January  and  February  2005.  2006,  2008,  2010,  and  2011;  at 
the  Sustainable  Military  Readiness  Conferences  in  Orlando,  FL  in  August 
2007,  and  in  Nashville,  TN  in  2011,  and  at  other  scientific  conferences. 

The  final  graduate  student  working  on  this  project  graduated  in  the  last 
quarter  of  2010. 

The  native  seed  production  industry  can  use  this  research  to  develop  wild 
seed  collection  protocols  to  included  remnant  native  populations  (from 
long-term  exotic  invasions)  and  production  techniques  that  ensure  com¬ 
petitive  traits  are  not  being  lost  from  native  accessions.  Remnant  native 
plants  used  to  restore  degraded  areas  may  also  reduce  the  chances  of  fu¬ 
ture  exotic  invasion. 


